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We report measurements of all the material constants necessary to fully characterize barium 
borate as a nonlinear optical material. All data was taken on crystals supplied by Professor 
Chuangtien Chen, Fuzhou, People’s Republic of China. We have determined the crystal 
structure, the optical absorption, the refractive indices from the UV to the near IR, the 
thermo-optic coefficients, the nonlinear optical or coefficients, the resistance to laser damage, 
the elastic constants, the thermal expansion, thermal conductivity and dielectric constants, and 
the fracture toughness. This data is used to evaluate barium borate for a variety of applications. 
We find that, in general, barium borate has a low acceptance angle, and that despite its higher 
optical nonlinearity, it is therefore not significantly more efficient than other commonly 
available materials, except in the UV below 250 nm. On the other hand, it has a high damage 
threshold, it is physically robust, it has good UV and IR transparency, and it has excellent 
average power capability. It permits deep UV generation, and has great potential for 
generating tunable visible and IR light as an optical parametric amplifier. 
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^TRODUCTION 

^ Barium metaborate (BaB 2 0 4 ) is a new nonlinear opti- 
cal material discovered by Professor Chuangtien Chen of the 
"Fujian Institute for Research on the Structure of Matter in 
-Fuzhou, People’s Republic of China. 1-7 It is an interesting 
'material characterized by a wide range of transparency in 
Ebth the ultraviolet and the near infrared. Its large birefrin- 
gence allows (phasematching for many harmonic generation 
J&ocesses, and in particular it has been used to generate the 
fifth harmonic of Nd:YAG. 2,4 It has a substantial nonlinear 
coupling. These properties indicate that barium borate is po- 
tentially useful for many applications, especially in the ultra- 
violet region i : 

However, the utility of a material in applications de- 
pends on other properties besides the linear and nonlinear 
optical constants. These include, for example, the damage 
threshold, chemical stability, and mechanical strength. At 
high average? power, even weak optical absorption leads to 
thermal dephasing, and to induced thermal stresses which 
can fracture the crystal. 8 In the region of transparency, the 
optical absorption is controlled primarily by trace impurities 
and consequently crystal quality and the crystal growth pro- 
cess are important factors at high average power. These and 
other issues associated with average power have been ana- 
lyzed recently in detail. 8,9 The performance of harmonic 
generators arid other nonlinear optical devices was found to 
be characterized by four figures of merit. These figures of 
merit are simple combinations of material constants which 
determine the crystal shape and size, and the maximum 
average power density compatible with high conversion effi- 
ciency. At this time, complete sets of the relevant material 

constants are j available for only a few materials (KDP, 
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LiI0 3 , LiNb0 3 , KNb0 3 ). These are discussed in detail in 
Refs. 8-10. We have measured all the relevant material con- 
stants for barium borate, and calculated figures of merit for 
many nonlinear optical processes. This paper reports the re- 
sults of our measurements on the fundamental physical con- 
stants of barium borate, and uses this data to discuss the 
performance of barium borate in various nonlinear optical 
devices. 

CRYSTAL SAMPLES 

The crystals used in this study were grown in Professor 
Chen’s group in Fuzhou, People’s Republic of China. The 
crystals were grown by a top-seeded technique from a high- 
temperature flux containing oxides of boron, sodium, and 
barium. Barium and boron oxides are prepared in stoichio- 
metric proportion, and then either sodium oxide or sodium 
borate is added to the flux, to bring the liquidus below the 
phase-transition temperature at about 900 °C. 

The crystals were typically large, 1 0 X 20 X 5 mm, opti- 
cally clear, and relatively free of strain. One was already cut 
as a prism for refractive index measurements. All the data 
reported here was taken on material grown in Fuzhou, Peo- 
ple’s Republic of China. 

CRYSTAL STRUCTURE 

There are two known phases for barium borate. 1 1 The 
structure of the quenched high temperature form was deter- 
mined by Mighell, Perloff, and Block 12 to be R 3c. The low- 
temperature form was given as C 2/c by Hubner, 13 but a sub- 
sequent determination by Liebertz and Stahr 14 gave the 
structure R 3c. Frohlich 15 reexamined the low-temperature 
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phase and confirmed the trigonal structure R 3c found by 
^ Liebertz and Stahr. 

However, Chen 1 and Lu, Ho, and Huang 16 report the 
crystal structure of the new nonlinear material to be R 3 . This 
^ suggested that the new nonlinear material was in fact a third, 

hitherto unknown modification of the structure. This is sig- 
nificant because the crystal structure determines which non- 
linear coefficients are allowed, and the existence of a third 

(i 

phase impacts the phase diagram and crystal growth tech- 
niques. We therefore examined the structure of the crystals 
provided; by Chen using both powder and single-crystal 
methods,] The powder x-ray pattern did not show any of the 
reflections which would have been allowed in R 3 but are 
forbidden by the c glide in R 3c. 17 The independent crystal 
structure; determination was done on a single crystal of di- 
mensions! 0.22 X 0. 17 X 0.08 mm 3 . The space group so found 
was R 3cjwith hexagonal cell dimensions a — 12.547(6) A 
and C=| 12736(9) A with six formula units in the unit 
cell. 18 Ajmodified Picker FACS-I diffractometer equipped 
with a Mo x-ray tube and a graphite monochromator was 
used to cpllect 6060 intensities of which 3103 were unique. 
The data^ were corrected for absorption, ft = 1 10.6 cm' 1 . 
The resulting structure, which is identical to that reported 
C by Frohlich (see Ref. 15) was refined by least squares, using 
anisotropic thermal parameters, to an R factor of 0.035 for 
fn 2969 data for which the intensities I>cr{I). The structure 
fk was also refined in space group R 3, in which there are 5917 
ll unique data because of the lower symmetry. The structure in 
ip R 3 refined to an R factor of0.038 for 5539/>cr(7) data. All 
'Tlj of the positional parameters of the pseudo-c-glide-related 



FIG. t . Crystal structure of barium borate, Ba 3 ( B 3 O* ) 2 , consists of nearly 
planar ( B 3 p 6 ) “ 3 rings perpendicular to the polar axis, bonded together 
through the barium atoms. The optical and mechanical properties reflect 
this structure, which has much in common with the graphite structure. The 
axes shownj refer to the hexagonal cell (see insert). 
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atoms were within two standard deviations of their positions 
in R 3c. Since the atomic positions resulting from the refine- 
ments in R 3 are statistically undistinguishable from those in 
R 3c, and half as many parameters are needed in R 3c to give 
about the same statistical agreement between the calculated 
and observed intensities, it is concluded the R 3c is the true 
space group for this crystal. 

The low-temperature form is stable up to about 900°C. 
The crystal structure is shown in Fig. 1 . It consists of nearly 
planar anionic B 3 0 6 ring groups perpendicular to the polar 
(trigonal) axis. These anionic groups are bonded ionically 
through the barium ions. There are four anionic groups in 
each unit cell, which are distributed over two symmetrically 
independent positions. The four groups are stacked on top of 
each other and are arranged in two pairs. The upper two 
rings form one pair, and are oriented parallel to each other. 
The lower two rings form the other pair, and are also orient- 
ed parallel to each other, but 180° relative to the upper pair. 
The c glide forces the upper and lower pairs to be exactly 1 80° 
apart. If the structure were R 3 then the two rings in the 
upper (or lower) pair would not be required to be exactly 
180° apart. This occurs in the structure given by Lu. 16 We 
reexamined the crystal structure carefully to determine the 
relative orientation of these pairs of rings, as well as any 
other slight distortion which might remove the c glide. We 
found that the structure supports the c glide to an accuracy 
corresponding to the uncertainty associated with the esti- 
mated standard deviation of the positional parameters. 
Therefore, we conclude that the crystal structure of the low- 
temperature phase is indeed R 3c, to this accuracy. 

The high-temperature phase is also R 3c, and is very sim- 
ilar to the low- temperature phase. 12 The only difference 
between them lies in the oxygen coordination of the barium 
atoms. In the high-temperature phase there are two Ba sites: 
one has point symmetry 32 with six oxygen atoms arranged 
in a trigonal prism, and the other has point symmetry 3 with 
a ninefold coordination. In the low-temperature phase, the 
barium atoms all have an irregular eightfold coordination. 
Powder second harmonic tests on the quenched high-tem- 
perature phase gave signals about as large as the low-tem- 
perature phase, in basic agreement with the anionic model of 
the nonlinearity proposed by Chen. 19,20 



TABLE II. Sellmeier parameters for /?-BaB 2 0 4 . 



A ■ 

B 

(pm 2 ) 

C 

(f* m~ 2 ) 

D 

(Atm -2 ) 

Ref. 

"c 

2.3730 

0.0128 

-0.0156 

-0.0044 

a 

*o 

2.7405 

0.0184 

-0.0179 

-0.0155 



2.37,85 

0.01217 

-0 01793 


b 


2.7462 

| i 

0.01715 

-0.02177 




2.3753 

0 01224 

-0.01667 

-0.01516 

c 


2.73^59 

0.01878 

-0.01822 

-0.01354 



‘This work. ; 
b See Reference;!. 
c See Reference 4. 
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LINEAR OPTICAL CONSTANTS 

!' 

The refractive indices of barium borate were determined 

i 

directly in the region 400-1014 nm by the method of mini- 
mum deviation. The prism spectrometer is fitted with cam- 
era for operation in the near infrared and in the ultraviolet 
region just beyond the visible. The data are presented in Ta- 
ffie I. In order to extend this data to the ultraviolet we mea- 
■Jjured the phasematching angles for harmonic generation 
find fit this data as well as the visible data to a Sellmeier form 
'Ms follows: ; 

•jf n 2 =A if B/U 2 + C) + ZU 2 . (1) 

‘•jpiis fit yields accurate refractive indices in the region 212.8- 
^f064 nm. Table II gives the Sellmeier constants so obtained 
"rfhd also includes the Sellmeier constants of Chen and Kato. 
^Table III giyes the refractive indices for the harmonics of 
®d:YAG. Our fit gives values which differ only slightly 
#om the formula given by Kato 4 and reproduces the ob- 
served phase-matching angles to within the experimental 
^precision. 

O We also determined the thermo-optic coefficients and 
[tfieir wavelength dispersion. The refractive indices were de- 
termined at several temperatures between 20 and 80 °C. The 
temperaturejdependence was found to be linear, and a linear 
least squares fit was made to the data at each of three wave- 
lengths. The resulting thermo-optic coefficients are present- 
ed in Table TV. The dispersion of the thermo-optic coeffi- 
cients is comparable to the precision with which they could 
be determined. In our subsequent calculations we therefore 
used the following averaged values: 


TABLE III. Refractive indices at Nd YAG harmonics. 

a 


A (ju mi) ; 

& 



1.0642' 

1 54254 

1.65510 

0.5321 

1 55552 

1 67493 

0.3541, 

1.57757 

1 70556 

0.2660 

1.61461 

1.75707 

0.2128 

1.67467 

1 84707 


TABLE IV. Thermo-optic coefficients for £-BaB 2 0 4 . 


A- (/xm) 

dn,/dTx\(frC 

dn^/dT X 10VC 

10 140 

-9.76 

- 16.64 

5790 

-9 42 

- 16.35 

4047 

- 8.84 

- 16.83 


dn 0 _ 
dT ~ 

- 16.6x 10 -6 /°C, 

(2) 

II 

•5 •« 

- 9.3 X 10 -6 /*C. 

(3) 


The range of transparency was determined in a sample 4 
mm thick. The transmission range of this sample was 200- 
3000 nm, and is shown in Fig. 2(a). In the ultraviolet, the 
extinction ( the combined absorption and scattering ) begins 
at 2 1 5 nm and increases slowly as the wavelength decreases. 
The extinction reaches 100%/cm at about 200 nm. The sam- 
ple used contained some inclusions and it is possible that 
higher-quality crystals would show a sharper edge lying 
deeper into the ultraviolet. Figure 2(b) shows the transmis- 
sion of the 4 mm sample in the range 150-320 nm. 



FIG. 2. (a) The transmission of unpolanzed light at the type I phase- 
matched direction through a 3.72-mm sample. The clear transmission range 
is 200-2000 nm, with infrared structure between 2000 and 3000 nm. (b) 
The UV edge of the same sample. 
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PHASE MATCHING 

In the general three-wave mixing experiment, waves at 
frequencies co x and co 2 are mixed to generate a wave at 
<y 3 =co { -f- co 2 . For low-intensity waves, the simple plane 
wave theory predicts that the output intensity is 

/ = I 0 sin c 2 {8), (4) 

where 8 is the phase mismatch 

8 = |Cl/2) A/:/. (5) 

Here / is the crystal thickness and A k is the wave-vector 
mismatch 

A k = k 3 — k 2 ~~ k } 

ii '! 

= \/c{n 3 co 3 — n 2 co 2 — n x co { ). (6) 

The refractive indices depend on the polarization of the 
waves, and in general there are three different polarization 
configurations which can lead to a vanishing phase mis- 
match. In any optical material there are two propagating 
modes of the electromagnetic field at each frequency. In a 
birefringent medium they have different velocities, and or- 
thogonal polarizations. One polarization is fast (lower re- 
fractive index) and the other is slow (higher refractive in- 
dex). In biaxial crystals, both velocities depend on the 
direction (of propagation of the wave through the crystal. 
They are both considered extraordinary waves. However, 
for uniaxial crystals such as barium borate, only one velocity 
varies with propagation direction. In negatively birefringent 
crystals the fast velocity depends on the direction of propa- 
gation, whereas in positively birefringent materials, it is the 
slow velocity which varies with direction. In barium borate, 
which is|riegatively birefringent, the fast velocity depends on 
the propagation direction, and is the extraordinary wave. 

With the convention that <co 2 <co 3 , the three types 
of phase matching are summarized in Table V. For doubling, 
type III and type II are the same process, whereas this is not 
the case for sum frequency generation. Although there are in 
principle three types of phase matching, only the first two 
types are! usually encountered, because type III requires high 
birefringence, and is consequently quite rare. In KDP, for 
example; there is no type III phase matching for mixing 1064 
and 532 nm to generate 355 nm, but a very birefringent mate- 
rial such as urea can support type III mixing as well as type 
II mixing. Because barium borate is a highly birefringent 
material with a birefringence comparable to urea 
(An = 0,13), it can support all three types of phase match- 
ing for most processes in its range of transparency. 

The' phase-matching angle 8 m for a particular mixing 


TABLE Vj Phase-matching types in £-BaB 2 0 4 . e = extraordinary wave 
(faster), o = ordinary wave (slower). 


Type j 

CJ X 

6>2 

^3 

I ?" 

0 

O 

e 

II ;i 11 

e 

O 

e 

in f 

\ 1 

0 

e 

e 


Ii 
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process at a reference temperature T 0 is given by the follow- 
ing implicit equation: 

A&(# m ,F 0 ) = 0. (7) 

For angles near 6 m and temperatures near T 0i the wave- 
vector mismatch A k can be expanded as a power series in d 
and T, 


A k=0 e (d-6 m )+j3 T (T-T o ), (8) 

where 


Pe 


and 


dkk 

36 


(9) 


P T 


<?A k 
~3T 


( 10 ) 


For each type of phase-matching expressions for the an- 
gular sensitivity 0 e and the temperature sensitivity 0 T are 
easily derived from Eq. (6). They can then be calculated 
from the refractive index data. The accuracy of these calcu- 
lated values depends sensitively on the accuracy with which 
the refractive indices and the thermo-optic coefficients can 
be extrapolated or interpolated to the desired wavelengths. 

The temperature bandwidth for a crystal of length / is 
given by 


O\T=^A/0, 


(ID 


If the bandwidth is defined as the temperature range 
spanned by the first zeros on either side of the peak phase- 
matched intensity, then A =v. On the other hand, if the 
bandwidth is defined as the FWHM bandwidth, then 
A = 1.391 557 38. The angular bandwidth is given by an ex- 
actly analogous equation. 


DIRECT DETERMINATION OF THE ANGULAR AND 
TEMPERATURE BANDWIDTHS FOR HARMONICS OF 
1064 nm 

In addition to determining the Sellmeier formulas for 
the refractive indices, we have made direct measurements of 
the phase-matching angles, and the angular and temperature 
bandwidths. Our motivation for this was to check the accu- 
racy of the Sellmeier fit as a descriptor of the phasematching 
properties. These direct measurements were made on crys- 
tals only 1 or 2 mm in size, where direct measurements of the 
refractive indices are generally too imprecise for phase- 
matching calculations. The method used is to mount a small 
crystal on a glass fiber manipulated by a goniometer for ac- 
curate orientation. The waves to be mixed are incident on the 
crystal and the wave generated is detected using wavelength 
filters and photomultipliers. The intensity of the generated 
wave can be easily studied as a function of the orientation 
and temperature of the sample. The technique has been used 
on samples of other nonlinear materials as small as 0. 5 mm in 
size. A detailed description of the apparatus used to make 
these measurements has been published elsewhere. 21 

The intensity of the generated wave is a maximum at the 
zero of the phase mismatch. The locus of points in (6,T) 
space defined by the relation 

Ak=/3 a (e-9„) +0r(T-T o ) =0 (12) 
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FIG. 3. The method of 
measuring the thermal 
bandwidth uses the ratio 
between dO pm / dT and 
dLk /dB. These are ob- 
tained from measurements 
of the angle-tuning curve at 
different temperatures. 
This technique is much 
more precise than direct 
methods. 


Jjgves the variation of the phase-matching angle with tern- 
Jrerature. 

pr. JQ 


dT 


0T_ 

00 


(13) 


This relation was used to determine the temperature sensi- 
tivity from the angular sensitivity and the temperature vari- 
ation of the phase-matching angle. At each temperature, the 
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TABLE VI. Calculated and observed phase-matching angles. 


Process 

(Tyjpe) 

0(Kato) 4 

ff(exp) 1 ’ 

0(calc)‘ 

0(Chen) d 

1 03 4 \0) 

(I) 

22.8* 

nr 

22.9* 

19.8* 


(II) 

32.9* 

32.4* 

32.6* 

28.2* 

16) 4 26) 

(I) 

31.3* 

31.1* 

31. r 

29.3* 


(II) 

38.5* 

38 4* 

38.2“ 

36.7" 


(HI) 

59.8* 

58.4’ 

59.8* 

56.2" 

leo 4 2o> 

(I) 1 

47.5* 

47.3* 

47.5* 

47.4* 


(H)4 

5 

81.0° 


82.6* 

81.0* 

1 co 4 3o> 

(I) 

40 2* 


40.2* 

40. r 


uni: 

46:6* 


46.6* 

46.5* 

\o> 4 46) 

a) ; 

51. r 


51 1* 

53.2* 


( IDj 

57 2° 


57.2* 

59.5* 

2o) 4 3&> 

co ’ „ 

69.3* 


69 5* 

72 7" 


* Experimental determination, Ref 4 

Experimental data, our laboratory. 

'Calculated from 1 . data in Table III. 

"Calculated frord Chen’s Sellmeier data (Table II). 
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TABLE VII. Angular sensitivity of £-BaB 2 0 4 . 


Process 

(A 1 exp 
(cm -, /rad) 

(A )calc 

(cm -, /rad) 

2^»I 

10600 ± 200 

10 700 

26)11 

7000 ± 170 

7061 

3o>I 

21000 ± 1300 

21 700 

36)11 

16100 ± 500 

16400 

36)111 

6400 ± 500 

7018 

46)1 

33000 ± 400 

34 000 

, 46)11 


7400 


intensity of the output wave was measured as a function of 
angle. This data consisted of a series of curves each one 
slightly displaced in angle from the previous one. Typical 
results are shown in Fig. 3, in this case for type I doubling of 
1064 nm. This data was then used to determine both the 
angular sensitivity and d0 m /dT. This method of determin- 
ing the temperature sensitivity was more accurate than a 
direct measurement of the output intensity as a function of 
temperature. 

Table VI lists calculated and observed phase-matching 
angles for various processes. For comparison, values from 
Kato 4 are included, and values using Chen’s 1 refractive in- 
dex formulae. Although not all the sum frequency mixings 
studied by Kato were also studied by us, the agreement 
among those common to both is very good. 

Experimental and predicted values of the angular and 
temperature sensitivities are listed in Tables VII and VIII. 
The temperature sensitivities were calculated using the aver- 
aged or dispersionless values for the thermo-optic coeffi- 
cients, and these differ somewhat from the experimentally 
determined parameters, especially for processes such as type 
I doubling of 1064 nm, where cancellations between terms 
cause the temperature sensitivity to be small. The discrepan- 
cies are not great and are reasonably attributable to a combi- 
nation of experimental errors and the use of dispersionless 
thermo-optic coefficients. 

We conclude from the generally good agreement 
between observed and measured values for 9 mt /3 e , and P T 
that the refractive index data gives accurate phasematching 
properties from the UV edge out to the near IR beyond 1064 
nm. 


TABLE VIII. Temperature sensitivity of #-BaB 2 0 4 . 


Process 

(d$/dT) cxp 

(^rad/*C) 

(£r),. P * 
(cm ’/*C) 

(A)c* lc 

(cm - J /*C) 

26)1 

99± 1 

0.11 ±0.10 

0.14 

26)11 

20.9 ± 2 

0.15 ±0.10 

0.13 

36)1 

17.3 4 1 

0.36 ± 0.08 

0.41 

36)11 

26.2 4 2 

0.42 ± 0.08 

0.38 

36)111 

73.4±3 

0.47 ± 0.09 

0.34 

46)1 

43 74 1 

1.4 ±0.03 

1.03 

46)11 



0.83 


“A = -PaidB/dT). 
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PHASE-MATCHING PARAMETERS FOR OTHER 
PROCESSES 

Based on the refractive index data the phase-matching 
angles, angular sensitivities, and temperature sensitivities 
have been? calculated for several mixing processes. Figures 
4-8 show, the phase-matching angles for 1 co -f la), 1 co -f 2&, 
2a) + j 1 co + 3 co, 1 co 4- 4<y, including all types of polariza- 
tion configurations which permit phasematching. Figures 9- 
1 3 show jthe corresponding angular sensitivities, and Figs. 
14—18 show the temperature sensitivities. 

We have also calculated these parameters for optical 
parametric amplifiers pumped at the second, third and 
fourth harmonics of 1064 nm. These are shown in Figs. 19- 
24. ! 

i 

DAMAGE THRESHOLD 

The jdamage threshold of two samples was measured at 
1064 nm and 1 ns pulse width. The first sample was cut at the 
type I phase-matching angle for doubling 1064 nm, and was 
about 10 (I X 15 mm 2 in area. Its thickness was 4 mm, and 
apart from some inclusions of Na 2 O it was strain-free and of 
high optical quality. Thirty sites were irradiated, with each 
site irradiated once. The one-on-one damage threshold of the 
inclusion-free areas was about 13.5 J/cm 2 , and the threshold 
of the inclusions themselves was about 4 J/cm 2 . 

The second sample was a cube approximately 8 mm on a 
side cut along the crystallographic ( xyz ) axes. It was of rela- 
tively poor optical quality and showed considerable strain- 
induced birefringence. It was, however, relatively inclusion- 
free. The relatively small volume and poor quality hindered 
a good measurement of the damage threshold, but it ap- 
peared to be about a factor of 2 lower than the first sample, 
j ; 

NONLINEAR OPTICAL CONSTANTS AND DEVICE 

DESIGN; 

( 1 

In the space group R 3 c using the convention that the 
mirror plane is the two-axis, the only allowed nonlinear coef- 
ficients are 4/ u , d 3I , d 33 , d 15 . The coefficient d 33 is irrelevant 
to (collinear) harmonic generation and Kleinman symme- 

i 

\ ' 

!' 



FIG. 4. Phase-matching angles for second harmonic generation. 
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FIG. 5. Phase-matching angles for mixing \co + 2 a. 



FIG. 6. Phase-matching angles for mixing 1 a 4- 3<u. 



FIG. 7. Phase-matching angles for mixing l<±> -b 4ty. 
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FIG. 15. Tdnperature sensitivity d&k /dT for mixing \w + lo>. 
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FIG. 16. Temperature sensitivity dkk/dT for mixing l<y 4* 3o>. 
1975 :: J. App I. Phys., Vol. 62, No. 5, 1 September 1987 


FIG. 18. Temperature sensitivity d&k/dT for mixing 2a> 4- 3a>. 



FIG. 19. Signal (idler) wavelength of a type I optical parametric amplifier 
(e-*o + o) asafunction of the polar angle for three pump wavelengths: (a) 
532 nm, (b) 355 nm, (c) 266 nm. 
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l Polar anfla 

FIG. 20. Signal (idler) wavelength of a type II/III optical parametric am- 
plifier (e — o+Je) as a function of the polar angle for three pump wave- 
lengths: (a) 532 nm, (b) 355 nm, (c) 266 nm. 
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" Ordinary ray wavalanfth 

OpG. 21. Angular sensitivity d&k /d& of a type I parametric amplifier as a 
^function of one* of the output waves for three different pump wavelengths: 
3?) 532 nm, (b) 355 nm, (c) 266 nm. 
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FIG. 22. Angular sensitivity dLk /d$ of a type II/III parametric amplifier 
as a function of the extraordinary output wave for three different pump 
wavelengths: (a) 532 nm, (b) 355 nm, (c) 266 nm. 
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Ordinary ray wovatanflh, fit* 

FIG. 23. Temperature sensitivity dLk/dT of a type I parametric amplifier 
as a function of one of the output waves for three different pump wave- 
lengths: (a) 532 nm, (b) 355 nm, (c) 266 nm. 


try equates d 15 and d 3li leaving only two relevant constants. 
In the space group R 3, d 12 and d 14 are also allowed, and 
Kleinman symmetry requires d I4 to vanish, leaving three 
relevant coefficients. The nonlinear coefficients have been 
measured relative to d i6 (KDP), for second harmonic gen- 
eration of 1064 nm. They are 

d u = 1.6 ± 0.4 pm/V, ( 14) 

^ <0.05, (15) 

d u 

<0.05. (16) 

In converting our measurements to absolute values we used 
d 36 ( KDP ) = 0.39 pm/V. 22 The dispersion of the nonlinear 
coefficients is expected to be weak in the visible and near UV. 
For type I processes the nonlinear coupling is 
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FIG. 24. Temperature sensitivity d Lk / dT of a type II/III parametric am- 
plifier as a function of the extraordinary output wave for three different 
pump wavelengths: (a) 532 nm, (b) 355 nm, (c) 266 nm. 
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FIG. 25. Polar angle $ is defined with respect to the polar axis, and the 
azimuthal| angle ^ IS defined with respect to x axis, the normal to the crystal- 
lographic !mirror plane (m ->0- 



FIG. 26. Threshold power for second harmonic generation. 


d 3t sin 6 — d n cos B cos 3^, (17) 

and for type II or type III processes it is 

d'tr \=du cos 2 0 sin l<j>. (18) 

2 The angles are defined in terms of the direction of propaga- 
.n tion, as in Fig. 25. 

r~j At those wavelengths where the phase-matching angle 
is 90*, the angular sensitivity vanishes. This condition is 
jf= called noncritical phase matching, and the wavelengths at 
which it occurs are tabulated in Table IX. These wave- 
17 lengths represent the short wavelength limit for each pro- 
77 cess. From Eqs. (7) and (18), the effective coupling for non- 
^ critical phase matching vanishes for type II and type III 
7*. processed, and for type I, it is proportional to the weak d 
= component. Thus, the effective coupling becomes very small 
si at noncritical phase matching, and in practice this may pre- 
ki elude operation within a few nm of the noncritical wave- 
s'! length, j 

C In frequency conversion devices, the conversion effi- 
p ciency depends on the intensity of the input waves, and also 
on the phase mismatch between them. The crystal length is 
limited by the angular sensitivity of the process and the beam 
divergence. There is therefore a minimum peak intensity re- 
quired to achieve efficient conversion. The relevant figure of 
merit in comparing nonlinear materials is therefore the ratio 
of the effective coupling to the angular sensitivity. The 
square of t his ratio is expressible as a power which is approxi- 


*1 

i 


TABLE IX. Noncritical wavelengths* for£-BaB 2 0 4 . 


Process j 

Type I 

Type II 

Type III 

1 co + 

409.0 

527.3 


\<i> + — 3d> 

587.8 

666.6 

908.1 

\<o -f 3 — 

737.7 

795.6 

• 1299.5 

1 03 + — So) 

873.0 

917.2 

1715.6 

+ 3cj — 5<y 

998.8 

1033.2 

2180.0 

lco -f- 5&) — 6o 

1007.2 

1197.0 

1434.8 


* Wavelengths given in nm. 
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mately the peak laser power in a diffraction-limited beam 
which is required for efficient conversion. This ratio is the 
key figure of merit in designing frequency conversion de- 
vices, and is discussed in Refs. 8 and 9. The essential results 
are summarized in the Appendix. 

In Figs. 26-32 the threshold powers of the harmonic 
generation and parametric amplifier processes discussed 
above are presented. Note that for harmonic generation de- 
vices the peak power of the laser must exceed the threshold 
power by a significant margin between 1 and 10 (see the 
Appendix), whereas for parametric amplifiers, it must ex- 
ceed the threshold power by a larger factor, between 10 and 
100. Also the peak power required increases by Q 2 , where Q 
is the beam quality, approximately the ratio of the beam 
divergence to the divergence of a diffraction-limited laser 
beam. 

For comparison, the threshold power of type II dou- 
bling of 1064 nm in KDP is about 70 MW. It is therefore 
apparent that a crystal of barium borate with optimized di- 
mensions will be marginally less efficient than an optimized 



FIG. 27. Threshold power for mixing l<y + 2 a). 
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FIG. 3 1 . Threshold power for a type I optical parameter amplifier, for three 
pump wavelengths: (a) 532 nm, (b) 355 nm, (c) 266 nm. 
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FIG. 30. Threshold power for mixing Ico 4- 3a> 
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crystal of KDP. On the other hand, it has several advan- 
tages. It has higher damage threshold, and lower-tempera- 
ture sensitivity, and we shall show below that it has also 
excellent resistance to thermally induced fracture. More- 
over, the crystal volume needed is about an order of magni- 
tude smaller than for KDP, and these smaller dimensions 
reduce the effects of beam walk-off. However, the threshold 
power is slightly higher, and therefore the optimized conver- 
sion efficiency is not significantly different from KDP. 


THERMOMECHANICAL PROPERTIES 

Under average power conditions, even a small optical 
absorption can lead to thermal gradients which cause stress 
and thermo-optic dephasing. The average power capability 
of a nonlinear material is therefore limited by its resistance to 
thermal fracture. We have therefore measured the relevant 
material constants controlling thermal fracture. 
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FIG. 32. Threshold power for a type II/III optical parametric amplifier, for 
three pump wavelengths: (a) 532 nm, (b) 355 nm, (c) 266 nm. 
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As shown in Ref. 8 the highest average power is reached 
when the temperature variation in the crystal is minimized. 
This occurs when the thermal streamlines are shortest, and 
the heat resulting from optical absorption is removed as 
close to its point of deposition as possible. The most advanta- 
geous geometry for average power applications is therefore 
the thinjplate geometry. For the purposes of characterizing 
materials, the ideal geometry is an infinite thin plate charac- 
terized only by its surface normal and its thickness. In prac- 
tice, of cpurse, three-dimensional effects must be included to 
obtain an accurate picture of the thermal behavior of actual 
devices, j 

Under the idealized thermal conditions we assume for 
materialScharacterization, thermal transport is normal to the 
plate, and the temperature profile in the material is quadrat- 
ic. 8 * 10 The temperature profile is characterized by the tem- 
perature difference between the plate surfaces and the plane 
midway [between them AT (Fig. 33). The thermal stresses 
induced [in anisotropic materials of this shape experiencing 
this temperature profile have been analyzed fully. 8 * 10 The 
largest tensile stresses are found in the plate surfaces, and are 
due to thermal expansion in the interior of the plate in direc- 
tions parallel to the plate surface. Thermal expansion paral- 
lel to the surface normal induces no surface stress. The ten- 
sile and shear stresses in the surface are directly proportional 
to AT, and do not depend on the plate thickness. 8 * 10 Thus the 
surface stresses are given by 

^ (19) 

where depends on the elastic constants and the thermal 
expansion. In anisotropic materials such as barium borate it 
also depends on the plate orientation. For a particular plate 
orientation, there are three surface stresses, two tensile com- 
ponents along orthogonal directions and one shear compo- 
nent. For ^convenience, the simplest choice of directions in 
the surface are the optical directions, or the ordinary and 
extraordinary polarization directions. Thus, there is the or- 
dinary tensile stress, the extraordinary tensile stress and a 
single shear stress. As AT increases, these stresses increase 
linearly and at some value of AT one of them will exceed the 



FIG. 33. Thermal profile in a thin plate under conditions of efficient 
heat removal. | 


surface strength, and the surface will fracture. In this way, 
the thermal profile leads to fracture, and to fracture along 
the weakest direction in the surface. In general, both the 
fracture strength and the weakest direction in the surface 
depend on the plate orientation. 

Plate surfaces are not perfectly flat, but contain optical- 
ly invisible defects. The polishing process is an important 
factor in creating and controlling these (sub-) surface de- 
fects. As the surface stress increases, the elastic energy den- 
sity surrounding the defects increases. When one of the sur- 
face stresses exceeds its surface strength, it becomes 
energetically favorable for one of the defects to increase in 
size, thereby relieving the stress in the surrounding material. 
When this happens the surface will become crazed or shatter 
altogether. The surface strength depends on the size, shape, 
and orientation of the defect. A standard means of charac- 
terizing materials uses the indentation test. 23 ' 23 Under these 
test conditions the surface strength is 

S = K e /a' n , (20) 

where a is the defect size and K c is the fracture toughness of 
the material. 

The temperature A Tat which one of the stresses reaches 
its fracture strength depends on the defect size. The thin 
plate fracture temperature A7> is defined as the tempera- 
ture difference at which an ideal thin plate with 100 fim 
defects fractures. A T F is a figure of merit which measures 
the resistance of a material to thermal fracture. It is physical- 
ly the fracture point for a standard shape and standard defect 
size. Note that in anisotropic materials both the fracture 
temperature and the weakest direction depend on the plate 
orientation. 

The fracture temperature depends on the elastic con- 
stants, the thermal expansion, and the fracture toughness. 
These parameters are listed in Table X. The fracture tough- 
ness was determined using standard indentation tech- 
niques. 23 ' 23 The sample used was the same 10 X 15x4 mm 3 
plate used for measuring the optical damage threshold. 


TABLE X. Thermomechanical constants of/5-BaB 2 0 4 . 


Elastic constants 

S 

(TPa-'j 

C 

(GPa) 

dc/dT 

(GPa/*C) 

tl 

25.63 

123.8 

- 0.02828 

12 

- 14.85 

60.3 

- 0.00904 

13 

-9.97 

49.4 

-0.01112 

14 

- 63.97 

12.3 

- 0.00772 

33 

37.21 

53.3 

- 0.02056 

44 

331.3 

7.8 

-0.01363 

66 

81.0 

31.8 

- 0.00962 

Thermal expansion 




11 


4X10-VK 


33 

36x lCTVK 


Thermal conductivity 




11 

0.08 W/m/K 


33 

0.8 W/m/K 


Fracture toughness 

150 KPA m i/2 
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Some anisotropy ( < 100%) in the fracture toughness was 
observed, but there was insufficient material to determine 
the nature and extent of the anisotropy. The value quoted 
therefore refers to a plate oriented at the type I phase-match- 
ing direction for doubling 1064 nm. 

The thermal expansion was determined using high-tem- 
perature x-ray methods between room temperature and 
900 *C. A series of powder x-ray diffraction patterns was 
taken at several temperatures ranging from room tempera- 
ture to 900°G. Five diffraction lines were measured at four 
temperatures. The temperatures were determined by mea- 
suring the lines from the Pt heater, and using the known 
thermal expansion of Pt, 9.1 X 10" 6 /*C. A least-squares fit 
to the five lines gave the hexagonal cell a and c dimensions. 
These data showed that the thermal expansion is uniform 
over this temperature range, and that it is very anisotropic. 

The therjmal conductivity was determined using a ther- 
mal comparator. 26 It also is highly anisotropic. Both the 
thermal expansion and conductivity relate to the nonlinear 
terms in thelvibrational energy of the crystal. These terms 
represent interactions between phonons, which give rise to 
energy shifts! and scattering. 27 The cubic phonon -coupling 
term is responsible for thermal conductivity, and the quartic 
tgrm for thermal expansion. The anisotropy indicates that in 
^bbth terms the coupling increases strongly for phonons 
Much propagate closer to the polar axis. Now, it is apparent 
feom the crystal structure that the barium atoms couple 
iSostly to the B 3 0 6 rings in the same cell, rather than to 
barium atoms in neighboring unit cells. Therefore, they par- 
ticipate more|;in phonons which propagate closer to the polar 
apis. This suggests that the anisotropy is associated primar- 
ily with the barium atoms. This correlates with the existence 
of the phase transition at 900 °C. The two phases differ only 
|g the location of the barium atoms, indicating that there 
gists a large temperature-dependent term in the lattice ener- 
gy, and that this term involves the barium atoms. Thus ther- 
mal anisotropies correlate well with the two crystal struc- 
tures and thejexistence of a phase transition between them. 


ELASTIC CONSTANTS 

The elastic constants were determined from the acoustic 
velocities ( EG ) . The sample used was a rectangular parallel- 
opiped of approximate dimensions 7.5 X 8x9 mm 3 . The 
edges were oriented perpendicular to the crystallographic 
( xyz ) directions. Although it was clear and transparent, 
there was evidence of internal strain or compositional vari- 
ation in the form of small bubblelike inclusions and cleavage 
cracks perpendicular to the z axis. The density was deter- 
mined to be 3 |l 840 g/cm 3 by the mass/volume ratio. 

The propagation of a planar elastic wave in a homogen- 
eous crystalline material is described by Christoffel’s equa- 
tion 28 j 

p 0 v 2 A, = C ljkl n J n,A k , (21) 

where p 0 is thje ambient density of the crystal, v is the acous- 
tic wave velocity, /f, is the wave amplitude components, n x is 
the components of the direction of wave propagation, and 
C tjkl is the second-order elastic stiffness coefficients. If one 
chooses a wave mode (direction and polarization) carefully, 
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Christoffers equation reduces to a simple relation between 
wave velocity and some linear combination of (a few) elastic 
coefficients. 

The trigonal symmetry requires six independent elastic 
stiffness constants. In the shorthand Voigt 29 notation, these 
areC u » C 33 , C44 , £$$ , C , and C 13 .The orientations neces- 
sary to define the stiffness in terms of phase velocities via the 
Chris toffel equation have been given by Gieske. 30 All but 
C 13 may be defined by compressional and shear wave mode 
propagation in the and z crystallographic directions. 
The value of C 13 must be determined from wave velocities 
measured in a direction oblique to [001] and [010], and 
normal to [100]. 

The ultrasonic pulse superposition method of McSki- 
min 31 was used to measure the transit-times of compres- 
sional (longitudinal) and transverse (shear) waves through 
the oriented specimen. The technique initially requires the 
bonding of a piezoelectric transducer onto the crystal speci- 
men. X-cut quartz transducers are used to generate and de- 
tect longitudinal waves and AC-cut quartz transducers are 
used for transverse waves. The transducers are generally 
0.180 in. in diameter. They resonate at a frequency of 20 
MHz. The bonding agent used in all the present measure- 
ments is polystyrene fluid. 

The principle of ultrasonic pulse superposition is to ap- 
ply a repetitive sequence of radio-frequency (rf) pulses to 
the transducer at a rate such that the time for an elastic wave 
to transit the specimen, reflect from the opposite face, and 
return to the transducer, precisely equals the arrival time of 
the next applied rf pulse. The 20-MHz carrier frequency 
which resonates the transducer is generated by an ultrasonic 
pulse superposition oscillator. This unit also incorporates a 
gating circuit which performs two functions. The first is to 
create an echo window by periodically disabling the rf out- 
put to the transducer. Any echoes returning to the trans- 
ducer can now be observed without being overwhelmed by 
the applied pulses. The second function is to pulse the rf 
output, thus producing the requisite ultrasonic pulses. The 
pulse repetition rate is controlled by a variable rf bridge os- 
cillator. The output from the bridge oscillator is monitored 
by a frequency counter which gives a direct readout of the 
period of the repetition rate in microseconds. Critical cir- 
cuits in the frequency counter are maintained at constant 
temperature. The bridge oscillator output also provides syn- 
chronization for the oscilloscope. The repetition rate is ad- 
justed by the experimenter such that the time delay between 
applied pulses is exactly equal to an integral multiple of 
round trips through the specimen. When this condition is 
achieved, the applied pulses are superimposed upon the re- 
turn echoes, and we have constructive interference. The ech- 
oes now build up sufficient amplitude to be observed in the 
window produced by gating the sequence of applied pulses 
from the oscillator. The experimenter now critically adjusts 
the repetition rate so as to maximize the echo amplitude. 

At the condition of constructive interference, provided 
that bond and applied pulse-rf phase shifts are properly as- 
sessed, 32 the repetition rate is identical to the actual round- 
trip transit time t p for the acoustic mode through the speci- 
men. It is then a simple and straightforward matter to find 
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the wave velocity by using the formula 

v=[21/t p , (22) 

where / is the specimen length along the approximate axis of 
wave propagation. The relevant ChristofFel relation can then 
be applied to determine an elastic stiffness tensor component 
(or some linear combination of components). As in all 
acousticjmethods, the wave velocity being much greater than 
the rate of heat flow, adiabatic conditions prevail. 

The; elastic constants were measured at 25 °C. It was 
found necessary to control the temperature precisely to ob- 
tain reproducible data, due to the temperature dependence 
of the elastic properties. The experiment was repeated at 
50 °C, and the thermoelastic constants were derived. These 
are tabulated in Table X. 

!' 

FRACTURE TEMPERATURE 

From the elastic constants the analysis of Ref. 8 was 
used to balcuiate the fracture temperature as a function of 
the plate orientation. The results are presented in Fig. 34. 
For comparison, the analogous calculation for KDP is pre- 
sented in Fig. 35. The fracture temperature ofbarium borate 
appears j to be an order of magnitude greater. The fracture 
temperature of other nonlinear materials such as LiI0 3 or 
LiNb0 3 j is comparable to that of KDP. 10 This data implies 
that barium borate is about an order of magnitude more frac- 
ture resistant than other nonlinear materials. 

The 1 slope discontinuities in this figure are related to the 
weakest i direction in the crystal surface. In barium borate, 
there is iio shear stress, although this is not true for nonlinear 
materials: in general. For most plate orientations, the wea- 
kest direction in the crystal surface is the ordinary direction, 
which isj perpendicular to the polar axis. However, for some 

orientations near 6 = 45°, 6 - 90°, the weakest direction is 

^ 1 

extraordinary. The slope discontinuities represent the points 
where the weakest direction changes from ordinary to ex- 
traordinary. 



FIG. 34. Thin plate fracture temperature of barium borate. This figure of 
merit represents the resistance to thermal fracture. Barium borate is about 
an order of magnitude more resistant than any other nonlinear material for 
which data exists. 

i, 1 
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FIG. 35. Thin plate fracture temperature of KDP. Lithium niobate and 
lithium iodate are similar. 


DIELECTRIC AND ELECTRO-OPTIC PROPERTIES 

The dielectric constants were measured as a function of 
temperature in the range 10-50 °C, and as a function of fre- 
quency from 1 to 100 kHz: 

*u — 6.7, 

*33 = 8.1, (23) 

tan <5 <0.001. 

No change was seen over the range of temperature and fre- 
quency covered. This data may be used to estimate the elec- 
tro-optic coefficients on the basis of constant Miller’s <5 scal- 
ing. 33,34 Such estimates are accurate to within a factor of 2 
for other nonlinear optical materials. 22 We obtain 

r u - 4 rf „ 2 ( *»- n 4 

= 2.7 pm/V. (24) 

The other electro-optic coefficients are predicted to be an 
order of magnitude smaller. The corresponding half-wave 
voltage at 1064 nm is 87 kV. 

SUMMARY 

The complete set of material constants required to char- 
acterize barium borate as a nonlinear material for frequency 
conversion has been determined. The crystallographic space 
group determines the number of independent tensor compo- 
nents. For single pulse conversion, one needs the linear in- 
dices as a function of wavelength and temperature, the re- 
gion of transparency, the nonlinear optical constants and 
optical damage threshold. From these data the threshold 
power for any three-wave process can be calculated; this de- 
termines whether barium borate can be efficient with the 
given laser source, and fixes the crystal shape. The crystal 
size is determined by the damage threshold. 8 

For average power applications, the elastic constants, 
the thermal expansion and the fracture toughness determine 
the resistance to thermal fracture, embodied in the thin plate 
fracture temperature A T F . The thermal conductivity is re- 
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quired to determine the thermal gradients set up as a result of 
optical absorption. The only parameter which cannot be pre- 
cisely determined at this time is the optical absorption itself. 
In the region of transparency, the optical absorption de- 
pends on theioptical quality, and in particular on the density 
of inclusionslThe absorption of a particular sample is not so 
much a bulk! intrinsic property of the crystal, but is more a 
function of its crystal growth and history. It seems reasona- 
ble that in the region of transparency, the absorption of small 
samples can be made small, below 0. 1 %/cm. 

The new and exciting features of barium borate com- 
pared to existing nonlinear materials are ( 1 ) the combina- 
tion of its range of transparency and its resistance to optical 
damage, andj(2) for average power applications it has a low- 
temperature jsensitivity, and excellent resistance to thermal 
fracture. j 

As pointed out in the Appendix, the conversion effi- 
ciency depends on two laser system parameters, the total 
peak power jP and the beam quality Q. The appropriate fig- 
ure of merit here is the threshold power; the conversion effi- 
ciency is higher for the material with lower threshold power. 
In general the threshold power of barium borate is not signif- 
icantly lower! than other commonly available materials. 
Barium borate has a high birefringence, and consequently it 
jtf&s a high angular sensitivity, compared to KDP. The re- 
sulting restriction on the crystal length is compensated by 
|jje higher nonlinear coupling. In fact, the larger angular 
sensitivity and the larger nonlinearity almost cancel each 
(pher. Barium borate requires high peak powers and high- 
quality beams to be efficient. On the other hand, it has a high 
resistance to optical damage, and this leads to smaller crystal 
size. ! ' 


^ The transparency of barium borate in the UV and IR, 
fegupled withjits high birefringence, permits phase matching 
fer a variety of optical parametric amplifiers generating tun- 
able radiation in the visible and near IR. However, the peak 
laser power required for efficient conversion is about the 
lime as for KDP or ADP. Barium borate has the advantage 
Eat unlike the KDP isomorphs it is transparent in the near 
infrared. j | 

Barium borate is one of the few materials capable of fifth 
harmonic generation of 1064 nm. 1,4 This group includes 
urea, lithium formate, and potassium pentaborate. How- 
ever, barium jborate has the lowest threshold power and is 
therefore thejmost efficient for fifth harmonic generation. 

Its most striking advantages occur in average power ap- 
plications. It is an order of magnitude more resistant to ther- 
mal fracture f than those other nonlinear materials which 
have been characterized 10 (LiI0 3 , LiNb0 3 KDP). It also 
has a low-temperature sensitivity for doubling 1064 nm and 
it can be used; in a quadrature configuration. 35,36 It is a rela- 
tively poor thermal conductor, but this is offset by the wide 
range of transparency, and in particular by the lack of any 
intrinsic absorption at 1064, 532, 355, and 266 nm. 

Our indirect assessment of its electro-optic properties 
implies high half-wave voltages and the associated issue of 
electrical isolation. The operating voltage for transversely 
excited Pockels cells can be reduced by making the optical 
path length longer than the transverse dimension. Small ap- 


erture Pockels cells using barium borate will require some 
such voltage reduction technique to be practical. For large 
aperture switches this consideration may not apply. 

In summary, barium borate is a new nonlinear material 
which brings several new frequency conversion processes 
closer to general use. This includes fifth harmonic genera- 
tion, and optical parametric amplifiers generating visible 
and infrared wavelength. It has excellent average power ca- 
pabilities and has the potential to make high average power 
nonlinear optics a practical reality. 
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APPENDIX: THRESHOLD POWER 

The threshold power is the key figure of merit in deter- 
mining the conversion efficiency for critically phase- 
matched processes. To be efficient the peak power of the 
laser must exceed the threshold power of the nonlinear mate- 
rial. The peak power required increases rapidly as the beam 
quality deteriorates. This has been discussed fully in Refs. 8 
and 9. Here we summarize the results. 

We define the drive and dephasing as follows: 

77 0 = C 2 / 2 /, (Al) 

<5- (1/2) AW, ( A2) 

where / is the crystal length, and / is the incident total inten- 
sity. The nonlinear coupling is 

C(GW -1/2 ) = 5.456 d cr (pm/V)/lA 0 (fim)(n l n 2 n 3 ) il2 ], 

(A3) 

and the phase mismatch is 

A* = <Q!La0 = /3A o (A4) 

86 * D s 

Here D s is the beam size in the sensitive direction of the 
crystal (parallel to the extraordinary polarization vector). 
The beam area is D s D t where D x is the beam dimension in 
the insensitive direction, and the intensity of the beam is 

I = P/D s D if (A5) 

where P is the incident total power. Q is the beam quality, or 
approximately the ratio of the beam divergence in the sensi- 
tive direction to the divergence of a diffraction-limited beam. 
Note that both P and Q are unaltered if the beam dimensions 
are increased using telescopes to expand or contract the 
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beam aperture. They are paraxial invariants. 
The conversion efficiency at low intensity is 


77 — ?7 0 sinc 2 (<5), (A 6 ) 

where sin c(x) — sm{x)/x. The behavior of the conversion 
efficiency at high intensity where y 0 > 1 and the design of 
frequency conversion devices is discussed fully in Ref. 9 to 
which the reader is referred for details. Essentially, efficient 
conversion places a stringent upper limit on the dephasing 
( 0 . 1-1 rads) and also requires the drive to lie in a range of 
values between 1 and 10. The crystal length is limited by the 
requirement of small dephasing. Inserting this limit in the 
expression for the drive gives a minimum peak power re- 
quired for efficient conversion. 

P/d 2 >P ih (v<>/^ 2 )^/D si <A7) 

I 

where P^ h is the threshold power: 

p lh = (^vo 2 ( Ag ) 

f 

The (ratio 7 /</< 5 2 is fixed by the desired conversion effi- 
ciency, and the ratio D,/D, is the beam shape factor dis- 
cussed by Hon . 37 Equation ( A 7 ) implies that for efficient 
conversion of a diffraction limited beam, the threshold pow- 
er of the jcrystal must be smaller than the laser peak power. 
The threshold power required increases rapidly as the beam 
quality deteriorates. 

Because both the peak power and the beam quality are 
paraxial invariants, it follows that the conversion efficiency 
is unaffected by telescoping the beam up or down, so long as 
the crystal dimensions are reoptimized for each beam aper- 
ture. In principle, the beam aperture can be chosen to reduce 
the fluenjce or intensity to levels compatible with the resis- 
tance of the crystal to optical damage. 

The ^threshold power is the relevant figure of merit for 
comparing the efficiencies of two nonlinear materials . 9 In 
general, the material with the lower threshold power will be 
more efficient. It is important to recognize that the process 
of optimization of a nonlinear material will result in crystal 



the paraxial invariant P/Q 2 . For optical parametric amplifiers the curve 
depends on the small signal gain; it is generally shifted to the right about an 
order of magnitude in P/Q 2 , relative to this curve. 
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dimensions which depend on the crystal’s parameters, such 
as its coupling and threshold power. The threshold power 
determines the efficiency of the optimized system. It is al- 
ways true that the conversion efficiency of the optimized 
system increases with the ratio of the peak laser power to the 
threshold power of the material (Fig. 36). 


‘C. Chen, B. Wu, G. You, and Y. Huang, Digest of Technical Papers of the 
XHIth International Quantum Electronics Conference, 1984, paper 
MCC5 (unpublished). 

2 C. Chen, B. Wu, A. Jiang, and G. You, Sci. Sin. Ser. B 28, 235 ( 1985). 
3 J.-K. Zhu, B. Zhang, and S.-H. Liu, Society of Professional Instrumenta- 
tion Engineering Conference on Basic Properties of Optical Materials, 
Gaithersburg, MD, May 7-9, 1985 (unpublished). 

4 K. Kato, IEEE J. Quantum Electron. QE-22, 1013 (1986). 

5 K. Miyazaki, H. Sakai, and T. Sato, Opt. Lett. 11, 797 ( 1986). 

6 G. Zhang, C. Jin, F. Lin, C. Chen, and B. Wu, Guangxue Xuebao 4, 5 13 
(1984). 

7 C. Chen, Y. X. Fan, R. C. Eckardt, and R. L. Byer, Society of Photo- 
Optical Instrumentation Engineering Conference on Lasers, San Diego, 
CA, July 1986 (Proc. SPIE 684 (to be published) ]. 

8 D. Eimerl, IEEE J. Quantum Electron. QE-23, 575 (1987). 

9 D. Eimerl, Society of Photo-Optical Instrumentation Engineering Confer- 
ence on Lasers, San Diego, CA, July 1986 [Proc. SPIE 681 (to be pub- 
lished) ]. 

t0 D. Eimerl, Society of Photo-Optical Instrumentation Engineering Con- 
ference on Lasers and Electro-optics, Los Angeles, CA, January 1987 (to 
be published). 

"E. M. Levin and H. F. McMurdie, J. Res. Natl. Bur. Stand. 42, 131 
(1949). 

,2 A. D. Mighell, A. Perloff, S. Block, Acta Crystallogr. 20, 819 ( 1966). 
I3 K. H. Hubner, Neues Jahrb. Mineral. Monatsh., 335 ( 1969). 

I4 J. Liebertz and S. Stahr, Z. Kristallogr. 165, 91 ( 1983). 
i 5 R. Frohlich, Z. Kristallogr. 168, 109 (1984). 
l6 S. Lu, M. Ho, and J. Huang, Acta Phys. Sin. 31, 948 ( 1982). 
l7 D. Smith, Pennsylvania State University (private communication, 1986). 
l8 There seem to be minor, but significant, discrepancies in the cell dimen- 
sions reported in the literature. R. Frohlich, Ref. 15: a — 12.5^19(6) A, 
.c= 12.723(6) A; Luer a/., Ref. 16:a = 12.532 A, c = 12.717 A; Zalkin, 
this work: a - 12.547(6) A, c = 12.736(9) A. It is possible that these are 
due to variations in the samples, or that only one of the above is correct. 
Due to an insufficient supply of material, we were not able to resolve this 
question. 

,9 R. Li and C. Chen, Acta Phys. Sin. 34, 823 ( 1985). 

W C. S. Willand and A. C. Albrecht, Opt. Commun. 57, 146 ( 1986). 

2l S. Velsko and D. Eimerl, J. Appl. Phys. (to be published). 

22 D. Eimerl, Ferroelectrics 72, 95 ( 1987). 

23 G. R. Anstis, P. Chantikul, B. R. Lawn, and D. B. Marshall, J. Am. 
Ceram. Soc. 64, 533 (1981). 

24 P. Chantikul, G. R. Anstis, B. R. Lawn, and D. B. Marshall, J. Am. 
Ceram. Soc. 64, 539 (1981). 

23 R. F. Cook and B. R. Lawn, J. Am. Ceram. Soc. 66, C-200 (1983). 

26 R. W. Powell and W. T. Clark, J. Sci. Instrum. 39, 545 (1962). 

27 R. E. Peierls, Quantum Theory of Solids, Clarendon Laboratory (Oxford 
University Press, Oxford, 1955), Chap. 1. 

28 H. B. Huntingdon, The Elastic Constants of Crystals (Academic, New 
York, 1958). 

29 R. F. S. Hearmon, Landolt Bornstein Senes, Vol. III/ll ( Springer, Berlin, 
1979) , p. 2; see also W. Voigt, Lehrbuch de Kristallphysik (Teubner, Leip- 
zig, 1928). 

30 J. H. Giekse, Ph.D. thesis. The Pennsylvania State University ( 1968). 
31 H. J. McSkimin, J. Acoust. Soc. Am. 33, 12 ( 1961 ). 

32 J. H. McSkimin and P. Andreatch, J. Acoust. Soc. Am. 34, 609 ( 1962). 
33 R. C. Miller, Appl. Phys. Lett. 5, 17 ( 1964). 

34 F. Zemike and J. E. Midwinter, Applied Nonlinear Optics (Wiley, New 
York, 1973). 

35 D. Eimerl, Proceedings of the International Conference on Lasers 1984, 
edited by K. M. Corcoran (STS, McLean, VA, 1984), p. 557. 

36 D. Eimerl, IEEE J. Quantum Electron, (to be published). 

37 D. Hon, Laser Handbook, edited by M. L. Stitch (North-Holland, New 
York, 1979), Vol. 3, Chap. B2, p. 421 — 


1983 


Eimerl et al. 


1983 



/ 

/ 




Optical and Quantum Electronics 22 (1990) S283-S313 


' o / / u y 


Nonlinear crystals for tunable 
coherent sources 




0*0 _ 

§ <»' cS 
^ ^ ^ <S> 

oo 3 -< =3 

<2 O ^ O. 

C3 r-*- 


I CT> 


n 


-'s\. 


J. |T. LIN 


ooi? 

ij.sr.-o c~> 


•r 


^ ~~tsp 


<3>J>FL' 


Revised 24 September 1989: revised and accepted 13 February 1990 

“ r ~ ■ - 

High-effteiericy-nott^fimsar crystals suitable for the generation of coherent sources 
ranging from the deep ultraviolet to mld-Infrared (0.16 to 5#tm) are explored. The key 
param eters for frequency conversion techniques (second-harmonic-generation, sum- 
frequency mixing, difference-frequency mixing, optical parametric oscillation (OPO) 
and stimulated Raman scattering) including tunability, beam quality, beam walk-off 
and the effective figure-of-merit are analysed. Materials selection rules for non-linear 
crystals (for wide transparencv; migh~aarnage~ thresHoia . stability, low absorption and 
large figure-of-merit) are presented. Techniques using non-crltical phase-matching, 
quasi-phase-matching, waveguided doubling and self-frequency doubling are 
explored. Featur es an d applications of t he new non-linear crystals of 0-barium borate, 
l ithium tr i hnm^ LBgl), potassium titanyl phosphate (KTP), KNbO, and MgO": LiNboi 
are i presented amJcompared with other crystals. In addition to a critical review, 
this paper also presents some new results for the analysis of frequency-conversion 
efficiency, experimental data of OPO in KTP, LBO for frequency conversion using 
temperature-tuned non-critical _gha$e-matchlng and green lasers from the diode- 
pumped self-frequency-doubling crystal of neodymium yttrium aluminium borate. 


1 . Introduction 

Advanced solid-state laser technology has been emphasized for applications which require 
wide wavelength tunability (frequency agility), good efficiency, high average power and 
beam quality. Tunable solid-state lasers with tuning ranges in the near-infrared (IR) such 
as alexandrite (710 to 820 nm), Ti: sapphire (660 to llOOnm) and Cr : Gd,Sc 2 Oa,O u 
(GSGG) (742 to 842 nm), and in the mid-IR such as Co : MgF 2 (1.5 to 2.2 pm) have been 
studied for wide tunabiiities. Diode-pumped systems have been explored for high efficiency 
andj compactness. Phase-conjugate resonators and Raman clean-up systems are attractive 
for tiie improvement of beam quality. Non-linear crystals and the associated frequency- 
conversion techniques, on the other hand, are widely investigated for frequency agility and 
for the extension of laser spectra not covered by the available direct emissions from the laser 
host-crystals. 

Cioherent sources with spectral range of ultraviolet (UV) to IR cover a variety of 
application areas including research. Industry, medicine and military. Specific examples are: 
jaser sources in the 3 to 5 and 8 to 12/im ranges for military IR countermeasures; 
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S (2) 1*3 to 3.0 /im for remote sensing in lidar systems and medical applications; (3) 1.54 pm 
\ for eye-safe radiation used in tactical training systems and communications; (4) tunable 
1 visible sources 400 to 700 nm and UV sources (200 to 400 nm) for optical processing, 

\ biomedical studies and various military systems; and (5) deep-UV (160 to 200 nm) sources 
jfor photochemical and spectroscopy studies. 

■ The recent technology of optical materials growth, both in laser hosts and non-linear 
I crystals, enhances the development of many new coherence sources with tunable spectral 
I regimes which are difficult to achieve or cannot be achieved by conventional lasers and 
i materials. New sources may be generated from various frequency-conversion techniques 
I using non-linear media. For frequency up-conversion, these techniques include second- 
; harmonic generation (SHG), sum-frequency mixing ($FM) and anti-Stokes in stimulated 
Raman scattering (SRS). On the other hand, for frequency down-conversion, techniques 
(include optical parametric oscillation (OPO), difference-frequency mixing (DFM) and 
«Stokes in SRS. 

\ New non-lincar crystals suitable for frequency conversions using the second-order non- 
-linearity have been recently explored for the generation of coherent sources ranging from 
jdeep UV to mid-IR [1—6). In this paper we present a critical review on some important 
^crystals for the generation of tunable sources. In addition to the recent progress, some new 
{results are reported in Sections 3, 4 and 5. 

*> : In Section 2 we present schemes for the generation of tunable sources ranging from XUV 
to TR using various frequency^onversion techniques and the available non-linear crystals 
and laser systems < TrT§ec tion-i-w^ present the features of some new non-linear crystals and 
ieir^applications for tunable^ources. Crystals to be discussed include /?-barium-borate 
(BBO); lith ium tribora^t^Bp^ and potassium dtanyl phosphate^T'P)VjK>tas5iurn niobate 
KNbOj gO-dopealltfuum niobate (MgO:LiNb0 3 ) and the's'elfroquency-doubling 
crystif neodymium yttrium aluminium borate (NYAB). The advantages of non-critica l 
phase-matching a nd several examples are also presented. ThTfigure-ofTnent and cbnver- 
sion efficiency are analysed id Section 4. Green source generated from a self-frequency- 
cloubling crystal NYAB Is discussed in Section 5, Conclusions are drawn in Section 6. 
li 

2. Schemes of tunable sources 

With the exception of the free-electron laser, the tuning ranges of presently available lasers 
are either limited by the available lasing materials or are restricted by their operation 
temperature. Frequency-conversion techniques using the second-order non-linearity in 
crystals (SHG, SFM, DFM and OFO) or the third-order non-linearity in gases (SRS and 
three-photon process) provide efficient ways of generating sources with wide spectra. In this 
section wcjn gsent . the schemes for the generation of UV.visible and IR sources using 
various n onTiheltf . Q rca ter details ofspccific schemes with phase-matched tuning 

Curves are given in Section T 

) Fig. 1 illustrates the schemes for the generation of coherence sources ranging in the XUV 
(38 to 120 nm) and deep-UV (189 to 250 nm) spectral regimes. In these frequency-conver- 
sion techniques the new crystals o f BB O and LBO arejhe bestjttmiidatesj^ 
ir uanspar^^ejutotr 

ineration (using third-order non- 


s^iH^esJinutgdjjqiy^b^ a 

wavelengths may be achieved^bylhi^ 
linearity) or SFM in gases such as aeon and sodium. 

| Fig. 2 shows tunable sources in the UV and visible regimes generated from SFM and 
OPO inNd: Y,A1 5 Oh (YAG) (and Its harmonics) and Ti : sapphire lasers. The non-linear 
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5.^*? ? XUV sources generated from SFM and third-harmonic generation (THG) of dye lasers and the 
harmonic* of Nd: VAG «nd axcimar ia»r«. 4HG, 5HG, Fourth- and fifth-harmonic generation. respectively. 


(LAP) S [3 SU 4^ ble f ° r theSC applications include BBO ' LB0 ’ urca and L-arginine phosphate 

For tunable IR sources and DFM represent the unique techniques for 

frequency down-conversionftrrsfiown in Fig. 3). Note that using tunable pumping sources 
such as the Ti : sapphire or the alexandrite laser, rapid beam-steering (in wavelengths) may 
be achieved by the OPO processes without anglg -tuninq of the crystal. We discuss below V 
that BBO crystal promises this feature due to this wide t unability (defined as wavelength / 
tuning range per degree of^ogle^tuning). Crystals suitable for IR sources are BBO (1 to / 
3/imtfJCTPTl to 4.5^m),«NbO^ LiNbOj and lithium iodate (l to 5/im), Tuning curves ' 
of DFM using KTP and KNbO^ are shown in Figs 17 and 18, later. Experimental results 
for OPO (in KTP) arc shown In Section 3.2 r where tuning ranges of 1.8 to 2.4 pm are 



5 " F ' gur * 2 TynaWa new lasers In UV end visible spectra generated from $FM of Ti: sapphire laser and 
j : hanTlon,C4 of Nd: TAG laser. THG. 4HG, Third-' end fourth harmonic generation, respectively. 
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demonstrated by using Nd : YAG (1.064 pm) as the pump [5, 6]. For spectral regimes 
ofj 4 to 12pm, semiconductor crystals such as AgGaSe 2 and thallium arsenic selenide 
(TAS) with transparency ranges beyond 4 pm are required (7, 8]. Furthermore, using 
either a CO laser or a doubled-CO. laser as the pump, 8 to 12pm may be achieved from 
OPO [81 

Frequency mixing of Nd : YAG and dye laser also provides a wide tunable spectral range. 
We note that shorter wavelengths in the deep-UV (160 to 200 nm) may be achieved by the 
ne w crystal of LBO usin gthe SFM scheme. As shown in Fig. 4, the DFM of Nd : YAG and 
dye laser promises anothet^efflclent technique for mid-IR sources, where LiNbOj and 
AgGaSj crystals have been demonstrated [10], For high average-power conversion, crystals 
ofj LBO, BBO and deuterated L-arginine phosphate (D-LAP) are suitable for SHG and 
third-harmonic generation. UV and visible sources generated from the harmonics of a 
free-electron laser are shown in Fig. 5 for the suitable non-linear crystals, where tunable 
sources have been identified for potential applications in surgical treatments [1 1]. 

Fig. 6 shows the frequency down-conversion of OPO followed by SRS for 1R sources 
beyond 4pm. Using combinations of BBO, KTP and Raman gases such as H ; , D a and CH« 
may achieve very wide tuning ranges. 
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j Figure 6 Tunable new la** *oure« (1 to 18 pm) using 0 P 0 and Raman-ihlft tn crystals and gas media, 
r respectively, 



* Furthermore, high-efficlency non-linear crystals of KTP, MgO:UNb0 3 , KNb0 3 and 
| organic crystals in both bulk and waveguided forms have been explored for visible sources 
j in diode-laser-pumped systems (Fig. 7). Non-critical phase-matching conditions are gener- 
al ally required in these low-power systems. Greater detail is given In Section 3. 

j 3. Features and ap plications of some non-linear crystals 

i Single crystals of B BO and LBO were successfully grown and characterized by the Fujian 
| Institute of Research on the Structure of Matter (FIRSM, Fuzhou, China) [12, 13]. Since 
then* BB<5> has been widely used for the generation of UV sources from the up-conversion 
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t! 

ofj dye lasers and Nd^YAG lasers [14-35]. (Table I gives a list of progress.) BBO has 
promising features of wide transmission ranges (189 to 3000 nm), h igh non-linearity ( about 
four times that of KDP, potassium, dihydrogen phosphate) and high damage threshold] 
and is phase-matchabte within its whole transparency regime. Furthermore, BBO has a very I 

wide tunability in OPO, which makes BBO an excellent crystal for tunable solid-state lasers 
in? the UV, visible and IR regimes (l, 3]. Because of its small group-velocity dispersion 
(Ip5 fsmm"'), BBO is a better crystal than KDP for the use of autocorrelation of short 
pulses (pico- and femtosecond). Large temperature acceptance width (about 55° Q also 
allows BBO to be used in high average power lasers with good conversion stability. 

Howe ver, BBO j iajj^atj yer sm all accept ance angle width (only Q.6 to 2mradcir0and large y' ^ 
beam walk-off (50 to 70 mrada5]TTO507rta^ ^ciencyiritmtted^ of ^ ^ ; ^3- 

focuslng rand-pump-beanwmalitv .^To^-overcome these-problcms, J ^ptrTIro peffttton .with - \ ^ 

largeFacceptarice^ 'width (0.8 mr^d cm)~ thah~ thaT~dTTyprT "and jjje c ylindBcjd^foc usmjt. / |t ' / 
j ech ni q ue4;av j^^ruexplo cecfef^ The major applications of BBO with the associated / 
phase-matching angles are listed in Table II. 

jTunablc sources in the UV and visible regimes may be achieved by the SFM of Nd : YAG 
(lQ£4nm, 532 nm) and tunable lasers (dye or solid-state). The calculated phase-matching 
curves are shown in Fig. 8, based on the Sellmeier equations given in (15, 16]. # ■ 

(The BBO crystal is a uniaxial crystal with an effective non-linearity given by d# — f 

d^ cos 9 (for type I, optimal value) which represents a vanishing d# when an angle of 90° 
isjachieved. This unfavourable 90° phase-matching of BBO limits its conversion efficiency 
indeep-UV (189 to 219 nm) sources generation. Fig. 9 shows the cutoff wavelengths of 
doubling, tripling and mixing of dye lasers, wherejhe shortest wavelength of 189 nm was 
generated via the mixing of 248.5 and 788nnrf2TT2^ For comparison, the OPO tuning J 
curves of urea, BBO and LBO are shown In FigTTOrwe note that urea crystal may achieve 
90° phase-matching with the maximum d# using either 308 nm (excimer laser) or 355 nm 
(tripIed-YAG) as the pumpf[26L However, the tunability (wavelength tuning range per : 
degree of crystal angle-tunin&Toi area is much narrower than that of BBO. Figs 11-13 show • 

the rapid-tuning OPO curves using BBO crystal, where tunable lasers are required as the * 
pump. For the case of LBO, non-critical phase-matching (NCPM) (0 •* 90°,^ = 0°)may 
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TABLE 1 

Progress of BBO crystal 





1 Process 

[| 

Output 

wavelength 

Laser used and efficiency 

Reference 



! SHG 

204.8 nm 

4% from 120 MW cm' 1 , 8 ns dye laser 

15. 16 



■ SHG 

205 to 310 nm 

36V* from 423MWcm'\ 18 ns dye 

n 





laser 




SHG 

532 nm _ 

84 V* from 120 MW cm"*. 1 ns mode* 

18. 19 





locked YAG 




FHG 

213nm 

1 1 V* overall efficiency 

tit, 19 



; opo 

940 to 1220 nm 

3mJ from 10 mi pump (at degeneracy) 

18, 19 



1 THG 

197.4 nm 

20% from tripled dye laser 

18, 19 



; ! SHG 

197.3 nm 

law temperature (95 K) doubling dye 

20 



l 


Laser 




' , SFM 

189 to 197nm 

7% at 193 am by mixing of excimer 

21,22 



i ; 


laser (248.3 nm) and dye laser (788 
to 950nm) 




—! FHG 

213, 70.9 nm 

FHG of YAG (using BBO) tripled in 

23 
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neon gas 3.7% (for FHG) and 2.4 
(at 7nnr') out of 2MW (at 213 nm) 


.5 


OPO 

J 0.45 to 1,68 

9.4% pumped by tripled YAG (at 

24 

It 

f 




355 nm, 15 m/)* 


-T5SS 

! SHG 

0.35 to 0.42 

31% (105 mJ at 378 nm) SHG of 

25 

‘i 

“““ 
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alexandrite laser. . 68 ns pulse 
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'-A 

’ SHO 

_532nm 

40% from 10 ns YAG, type 1 versus 

9 

s 



typeTf BBO 


n 

,Vr; 

j OPO 

0.5 to 0,7 Mm 

Pumped by excimer (308 nm) and 

26-29 

*t 




tripled YAG (355 nm) 


0 

£ 

j THG 

351 wn 

0.8% from 50 GW cm' 3 , 5ps Ndtglass 

30 




laser 


f. 

sferf 

TO 

1 SHG 

215 to 235 nm 

5mW at 225 nm by intracavity 

31 
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doubling of a ring dye laser 


if 




(8rcwstcr-ang!c*cut BBO) 

32 
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s Q-switch 


40 kW peak power (125 ns FWHM) 
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l OPO 

0.35 to 1.5 Mm 

51% energy efficiency, pumped by 
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*i 1 


excimer laser of 6.5 mJ 
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255 nm 

0.7% (49 mW) from 8.3 W copper 
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JKS-J, 



vapour laser, 30 ns pulse 

35 
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} SFM 

271 nm 

0,9% (64 mW) from mixing of 5U and 
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FHG, fifth harmonic generation; THG, third-harmonic generation; SFM, sum-frequency-mixing. 

\ A< 

be achieved using a doubled-YAG (532 nm) a$ the pump, whej^he-N^pJd condition at v' 
the degenerate point may also be achieved at high temperatu^(l49 0 OgTJ.^ emperature- / 
tuned OPO is therefore promising in LBO crystal, where a tuf^g^tcrfgeof 0.9 to l .3 /rm 
! may be achieved by using doubled-YAG (at 532 nm) as the pump and temperature tuning 
; bf 149 to 200° C (estimated values based on the calculated phase-matching angles and 
temperature tuning rate). An N CPM temperature ofl 12° C was also reported for SHG of 
Nd : YAP laser (at 1 .079 nm^3TT7J> v 

LBO has a much larger acceptance angle (10 to 60mradcm) width than that of BBO (O.o \ ^ 
to 2mradem), t herefore higher e ffi ciency may be achieved by using an LBO crystal.^ 
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Figure ^CsFM of BBO '"it mixing wavelengths X y = 
1064nm (curves A* jnd'A^), 632 nm (B t and B 2 ) for type 
I and II respectively, where the SFG wavelength 
2, < Xj < X 2 end polarization directions are in the order of 
(2i , X^, Ij). Calculated curves in Figs 8 to 1 3 are baaed on 
the Sellmeler equations givBn In [15], 


Potential applications of LBO should include: (1) NCPM of doubling Nd:YAG, both 
iritra- and external-cavity; (2) NCPM of tunable IR sources (1 to 3 fxm) by temperature-tuned 
O t PO pumped by 532 or 1064 nm; (3) frequency-doubting of tunable solid-state lasers such as 
Ti : sapphire and alexandrite laser; (4) deep UV (160 to 250 nm) sources generated from the 
mixing of dye lasers (200 to3Q0nm) and IR lasers (1 to 3 ^m)[38, 39]. For crystals with large 
temperature gradients of the wavevector mismatching (d(A£)/dT*), NCPM may be achieved 
by temperature tuning of the crystal. We have recently characterized the NCPM tempera- 
tures (r*) and temperature bandwidth (FWHM) for various frequency-mixing schemes 

( T FWHM) - (149° C, 4°Ccm) 


TABLE II Major applications cf Bsd crystal using typo I and type II phase-matching. (Angles are 
calculated from the Sollmoier equBlions'givcn in [15]) 


Pliaw-match angle, $ 
(degrees) 

Type I Type II 

(4> = o*) (* = 3<T) 

Applications 

ll ' 

22.8 

32.8 

SHG of Nd : YAO (both at 1064 and 1320 nm). tunable (600 to 3000nm) 
laser pumped by 532 nm in OPO, eye- safe laser (1.34/im) by OPO 

3li 

r 1 
1 | 

30 

Third-harmonic generation of Nd : YAO, SHO of alexandrite and 
Ti : sapphire laser 

47.6 

8t 

Fourth-harmonic of Nd : YAO, THG of alexandrite and TI : sapphire 
laser 

5lj 

57.2 

Fifth-harmonic of Nd : YAO. SHQ of copper vapour laser. SHG of dye 
laser (470 to 580 nm) 

63 

* 

SHG of dye laser (425 to 480 nm) 

80 

. _r : ■ " 

* 

SHG of dye laser (410 to 430 nm), THG and SFM of dye User for deep- 
UV sources (189 to 250 nm) 


•Note that the cutoff fundamental wavelengths of BBO are (in nm): 410 and 526 for type I and type II SHO, and 

589 and 668 for type I and type n third-harmonic generation. 

I , 
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using LBO. Results are summarized as fcllows^O^: 
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Figure 9 Tunabl* doep-UV source* generated 
frorn SKG, third -harmonic generation (THG) and 
SFM in dye-iaaer system* using BBO (type I). 
Note that 169nm is generated from tfie“SFM of 
24 $.5 and 788 nm dye lasers. Also shown era the 
cutoff wavelengths for phase matching. 


fpr SHG of 1064 nm, ( - 9 a C, 9.3° C cm) for SHG ofl3 19 nm, (77° C. 4.8° C cm) for SHG 
of 1135 nm. (U4°C, 5°Ccm) forSFM of 1064 and 1 135nm, (12.5° C, 18®Ccm) for SFM 
pf 1064 and 1543 nm, (82 a C, l6*Ccm) for SFM of 1064 and 1908 nm. 

I The temperature tuning rate ( R ) is related to the temperature variation of the refractive 
indices by 


1 


dA _ fd(Ak)/dT)\ 
dT ~ \ d(Ak)dX ) 


( 1 ) 


where (d(Afc)/dT) may be measured directly or indirectly by using the relationship 

i « _ /d(A -u, \ 

! dT \ du JKTi-Tj 


( 2 ) 


where u, «= 6 J% 4> s are the phase-matehing angles at temperature T t and Ak is given by (for 
frequency-mixing of 2, and A. with output wavelength Aj) 


Ak 


_ "j _ « 1 
Aj A 2 A, 


(3) 


"Hie quantities u, and 3} can be measured experimentally and (d(AA)/du) can be calculated 
from the Sellmeier equations [15, 16]. 

| measured the phase-matching angles of LBO crystal at various temperatures and the 
results are shown in Fig. 14. For type l SHG in the principal xy-plane (with 9 — 90°), 
Equation 2 becomes 



As shown in Fig. 14, the slope (d<p/dT) is not a constant; that is, the temperature variations 
of the indices difference (d(A/t)/6T) in general are non-linear functions. We note that 
the negative slope of (d4>/dT) also indicates that NCPM may be achieved for frequency- 
doubling of longer-w&velengths (l.l to 1.5 ^m) lasers at low temperatures (-20 to 

+ 20°Q. 

? : 
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figure 10 OPO tuning cgrvw of (a) 880 and (b) urea and UBO *t various pumps v Note that in B80 
crystal. type I has smaller phase-matching angle and higher effective non-linearity than that of type H. NCPM 
may be achieved In urea and LBO. 


3.2. KTP and KNbOj crystals 

lUld-IR tunable lasers (1 .3 to 4 f/m) may be achieved by OPO in KTP and KNbO, (see Ftgs 
l';5 and 16). KTP. KNbOj and LBO all have the same symmetry of mm2. As shown in Table 
[ill, non-critical phase-matching may be achieved in these crystals Using KNbO,, 
efficiencies of 0.27 and 17®/. have been reported in single-pass and resonant-cavity for 
frequency-doubling of diode laser at 842 nm. KTP has also been explored for the 
generation of 459 nm by mixing 809 nm (diode laser) and 1064 nm (diode-pumped 
Nd: YAG), where room-temperature NCPM Is achieved [41. 42]. There are many other 
potential applications using the room-temperature NCPM in KTP and KNbOj, which are 
discussed in Section 3.3. 
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Figure JO Continued. 


Tunable mid-IR (1.5 to 4 /an) solid-state lasers may be achieved by OPO in either KTP 
otsKNbOj, where either doubled-YAG (at 532 mn) or Nd: YAG (1064 nm) may be used 
as the pump (5, 6, 43-49). The OPO tuning curves of KTP and KNbO, are shown in Figs 
15 and 16. Tunable mid-IR sources (2 to 5 pm) may also be generated from DFM of 
Nd : YAG (at 1064 nm) and Ti : sapphire, dye or diode laser (695 to 877 nm) using KTP 
(Fig. 17) and KNbO, (Fig. 18). 

313. OPO in Kipa^stal 

The schematics of the OPO set-up is shown In Fig. 19. For OPO pumped by 1064 nm in the 
xz-plane, the pump beam was linearly polarized along the *o-ray’ (that is, the y-axls) for the 
type II (positive crystal) operation (oe-o). We should note that the output signal and idler 
are, linearly polarized in the xz-plane. As shown In Fig. 20, the e-ray switches to the o-ray 
when the tuning curves cross the degenerate point. We have measured the tuning ranges of 
KTP cut at 53° (to the z-axis, in the xz-plane). Within our measurement accuracy of ± 0.2®, 



2.5 



Figure 17 Visible and mid-IR tuning ranges 
generated from OPO in type 1 B80 crystal. Note 
that the eye-safe laser at 1 .54 ym may^be achieved 
by using either 532 or 10G4nm as the pump. 
Angla-cut of 22.8* (same angle for SHG of 
I084nm) is appropriate for both OPO processes. 



Figur e 12 Rapid-tuning OPO (0.48 to 1.2#im) in 880 
(type I) crystal pumped by tunable sources generated 
from SHG of alexandrite laser. Note that very wide 
tunabtllty may be achieved at a fixed crystal angle. 
Curves A, 8 and C are for pump wavelengths of 358. 
376 and 400 nm, respectively. See text 


I the measured data agree very well with the calculated curves based on the Sellmeier 
j equations [16]. A tuning range of 1.8 to 2.4 pm was achieved in our experiment. We note 
1 that the phase-matching angles of KTP are slightly different in our KTP (grown by the flux 
method and used in this experiment) from that of the hydrothermally grown KTP in 
[43-46]. In our experiment, tuning curves were obtained by rotating the crystal about the 
j^-axis, keeping the angle $ = 0°; that is, in the xz-plane. 

i As shown in Figs 2! and 22, we have measured the total output energy of the signal (at 
) 2.07 jm) and idler (at 2.2 pm) as a function of the pump energy (at 1064nm) at various 
jeavity lengths. As expected, a shorter cavity provides a higher efficiency with a lower 

jS294 


( 


( 


( 


4 


\ 


•O 


\ 


( 



8B0 (T 


vs 


E 


|10 
S s 


L3 


i 4 

CJ 



0 



0 


threshold. 3ft 
the signal at 
slope efficier 
tance (7") of 
The effect 
KTP crystal 
pm V* 1 ) = 
(for pump a 
the KTP typ 
type I opera 
9 < fl, then 









figure 14 Pha«*matching angles at variot 
temparaturta for fraquancy doubling < 
Nd : YAG (at 1 064 nm) using L8 0 crystal (typ 
I SHG in th« xy-plane). 


nac a lower threshold may be achieved by using a higher reflectance (a 
wavelengths) of the out-coupling mirror. On the other hand, a large 
also a higher threshold) may be achieved by using a higher transmit 


Inear coefficients (4,*) for OPO, at the degenerate points, for BBO an< 
dus pumping wavelengths were calculated as follows: for BBO, ^(in 
.65 (for pumping wavelengths of 0,532 to 1 .5 /mi); for KTP, d tfr *= 7 j 
i), 6.15 (at 1064 nm), 6.7 (at 1 .32 /an) and 7.4 (at 1.54/itn), Note (ha 
ise-matching cutoff at about 1 .75 /mi (for the pump) and d# - 0 fo 
he principal planes of xz % xy and yz % except when in the .rr-plane am 
d^ sin 0 (see Table III). 
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Figure J6 OPO tuning curves of KNbO* with angle tuning in the xz-plane for ( ) type I. ( — -) type II and 

type I (in xy-plano) at venous pump wavelengths (Jlp) . Curves ere calculated based on the Sellmeier 
equation* in- £47*43^ 


In this experiment the efficiencies achieved were limited by the damage to the anti- 
reflection-coated mirrors and the uncoated KTP crystal. Furthermore, the tunability and 
threshold power are limited by the available broadband, high-reflectance entrance mirrors. 
Within our coating conditions, this experiment was operated at double-pass (for the pump), 
double-resonance oscillation. The stability of the output power may be improved by 
single-resonance oscillation coating. Wide tuning ranges of 1.5 to 4.0 /«n, in principle, can 
be achieved when the appropriate coatings are available. By using a pump source at 1 .54 
(generated from SRS in CH 4 gas), it should be possible to achieve the tuning range of 2.5 
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Figure 17 Tunable mld-lft *oure*s (2 to Bum) g«n®r«Bd tram DFM of Nd:YAQ (1064nm) and a Ti: 
Mpphlfg later (696 to 877 nm) using KTP with angle-tuning in the xf-plana (curves A and B) and n the 

yzVpfane (curve* 0 and D). Difference polarization configuration ( ) (oa-o) and (•••) (*o-o) (tor 

1 064 nm, mid-lR Ti : sapphire), respectively, for curve* (A. 8) and (C. D). 



SO tO 70 80 

OFN PHASt-MATCHINC ANCLE ( degree-*) 


Figure 18 Seme as Fig. 1 7. but for KNbO, cryswls. The angle tunings are: curve A (tVf* ' l ' ,h » ; «^ l4n *’ 
<4-e», B (type I. In the ay-plane, (oo-e)). C (type It, in the m-plane, (eo-e)), D (same as C but for (oe e)). 

! ' 

to!3.5 M m easily. Fig. 15 shows the calculated OPO tuning curves of KTP at various 
purnplng wavelengths, where the effective non-linear coefficient, may be found from Table 
III for a beam propagating in the xz-plane, is also shown. Furthermore, high-efficiency 
OPO may be achieved via several channels: (i) non-cntical phase-matching operated ** 
high temperature; (2) elliptical focusing in the insensitive plane to rcducc_thewalk-off 
effects; and (3) multiple-resonance of the pump via the appropnate 
We have recently reported the non-critical phase-matching curves for KTP, KNbO, 
ank LBO crystals [36, 50]. We note that the 90° phase-matchmg is achievable for OPO in 
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Figure f9 Schematic* of the OPO set-up. where 
the pumping beam was linearly polarised along the 
y-axis of the crystal angle-tuned about the y-axis in 
the xz- plane far tunable output. 



figure 20 ( ) Tuning Curves (calculated) of 

KIP crystal for OPO pumped by YAG lasers 
(I064nm) in the xz- plane, where measured 
tuning ranges of 1.8 to 2.4 ere Also shown 
(a). 


n> i 
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>i ■ 
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Figure 21 Output energy as a function of pump 
energy at various cavity length* (in cm): (A) 2, 
(B) 3, (C) 4. (0) 4.6 and (£) 5. Output energy 
was measured at the normal incident with out- 
put wavelengths of 2.07 and 2.1 9^m, spot sizes 
wera 1.5 mm. 
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figure 22 The thmfioTd enargy plotted igtinit 
tha cavity lengths, based on the mesiured data 
in Fig. 21. (•) Experiment and ( ) theory. 


KjTP using 1064nm as the pump for the generation of 1.6 and 3.2 /im sources as shown in 
Fig. 15. This work is in progress. 


j 

314. Non*critical phase-matching (NCPM) 

Non-linear crystals operated at the NCPM conditions, particularly at room temperature, 
are always desirable for high-effleiency frequency conversions. Crystals at the NCPM 
provide several advantages over that of the critically phase-matched; (1) maximum effective 
non-linear coefficient (d a y, (2) wide angular, spectral and temperature bandwidths; and (3) 
no Poynting vector waik-off, where the first-order dispersion of the vector vanishes and 
only the second-order dispersion contributes to the phase mismatching. We note that under 

the NCPM conditions it is also possible that 4-0 rather than the maximumrdepending 

on the types of operation (see Table in for greater detail). 

_ KTP crystals operated at the critical-phase-matching (CPM) conditions have been widely 
used for frequency-doubling of Nd : YAG (1064 nm) laser, where the NCPM usually cannot 
be temperature-tuned due to the rather small temperature gradient of the refractive indices. 
High-temperature NCPM operations have been identified in several crystals such as MgO- 
doped LiNbO] and KNbOj in doubling Nd: YAG lasers and diode lasers. Angle-tuned 
CPM in KTP crystal for tunable IR lasers was recently reported [3, 6, 43-46]. In lliii section 
we report the room-tempeature NCPM using KTP and KNbO, for various frequency 
conversions including SHG, SFM and DFM. These hlgh-efficiency NCPMs operated at 
ro ; om temperature promise potential applications for the generation of coherent sources 
ranging from the visible to the mid-IR, particularly in the dlode-laset-pumped systems. 

| Depending on the propagation and polarization directions there are, in general, 12 
possible configurations for the three-wave-mlxing processes in biaxial crystals, where waves 
(under the NCPM) may propagate along the three principal axes of a, b and c. These 

configurations are: 

s 

j ! [abb] [bba] [acc] [cca] [icc] [ccb] 


tot type I, and: 


cry 


for type II, wl 
wavelengths c 
1/J.j, where w 

In general, 
of and G, 
between the < 
KNbO„ d a r 
principal axes 

For KTP (i 


For KNbO 


From these e: 
NCPM has n 
Using the c 
lished Sellmel 
NCPM angles 
rij. or it.. We I 
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for type II, where [a, b, c], etc., represent the directions of the linearly polarized fields with 
wavelengths of [A,, A,, A,], in order. For conservations of energy in SFM, I/A, + I IX, = 
1/A,, where we have assumed that A, > A, > A,. 

In general, the effective second-order non-linear coefficient d tB is a complicated function 
of 6, <p and 0, where 9 and <p are angles with respect to the x- and r-axes and £1 Is the angle 
between the optical axis and the z-axis. For mm2-orthorhombic crystals of KTP and 
KNbOj, reduces to a simple form when the mixing waves are propagating along the 
principal axes. As shown in Table III, the d lB are as follows. 

For KTP (in the xy-plane) 


4tr(typel) = 0 


da (type II) - 


For KNbOj (in the yz-plane) 


sin J d> + d„ cos J d 

dii (along~b-axis7 ^“■T90 a r defined as B-cut) 
d iA (along c-axis, <j> « 0°, defined as A-cut) (5) 


aU (type II) ■ o 

da (typ« I) = dj! cos 1 ^ + djj sin 1 ® 

- d n (along 6-axis, 6 ■ 0®, defined as B-cut) 

■ (along a-axis, 9 * 90 s , defined as A-cut) (6) 

From these expressions we conclude that for principal-axis propagation only type II (D 
NCPM has non-vanishing 4* in KTP (KNbOj) crystal. 

Using the conventional notations for the refractive indices, n % < n r < n. and the pub- 
lished Sellmeier equations for KTP [16] and KNbO, [47-49], we have calculated the 
NCPM angles that meet the matching conditions of n,/A, + nji 1 - n,/Aj, where n, = 
n y or /!,. We have also calculated the d tB for various configurations. It is found that, for 
KTP, the 4,i of type I is much smaller than that of type II. Among the six possible 
configurations, we found that only two meet the NCPM in type II operation. These are 
IIA[6c6] and IIB[«fl] as shown in Fig. 23. We note that the values of 4* (of KTP) under 
the NCPM are 5 to 7 pm V, which are 10- to 15-times that of KDP. We also note that 
most of these NCPM operations have not been explored experimentally. There is only one 
reported experiment that used KTP for SFM pf diode laser (at 809 nm) and diode-pumped 
Nd: YAG (at 1064 nm), with extremely wide FWHM of acceptance angle (8 and 18® in 
angle- tuned with respect to the z- and x-axes), acceptance spectrum (3.3 nm) and tem- 
perature (348*C) [41, 42]. 

Based on the NCPM curves shown in Fig. 23. for KTP, we are able to explore a variety 
of applications which utilize the features of very high <4* and very wide angle, spectrum and 
temperature bandwidth of KTP crystals operated at the room-temperature NCPM (or 
near-NCPM) conditions. They include the following. 

1. Generation of visible sources of 540 nm (from SHG of Nd : YALO at 1080 nm), 
/j4S9CatMfrom SFM of 809 and 1064 nm). 467 nm (from SFM of 842 and 1047 nm, 
464 nm (from SFM of 830 and 1053 nm, Nd : glass) and 452 nm (from SFM of 
778 ■antf'1080 nm, Nd:YALO) and 439 nm (SFM of 818 and 659 nm; that is, tripling of 
1318 nm), where YLF and YALO represent laser hosts of UYF 4 and YALO,. 
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figure 23 NCPM curves (or type II 3FM In KTP crytul 
(it room temperature) [4e6] for curve A represents the 
polarization direction* for A,, A, and A,, respectively, 
with 1/A, - 1/A, for- KTP crystal, (ebc) eor- 

reepondt to the (xyz) exes. An example of curve B le 
the mixing of 1094nm (polarization along the s-axls) 
end 809 nm (polarization (long the e-axi«) with out- 
put of 469 nm (linearly polarized along the a-axls). 
This la represented at [<c«]. 


| 2. Generation of tunable sources from SFM of tunable laser-diode (765 to 905 and 1 195 
to 1330 nm) and the diode-pumped lasers (946, 1047, 1063, 1080, 1320 and 1340 nm). The 
(tuning ranges (at the NCPM conditions) are (in nm): 423 to 463, 442 to 485, 445 to 489, 
448 to 492, 484 to 537, 487 to 540, 528 to 553, 558 to 586, 562 to 591, 567 to 596, 627 to 
662 and 632 to 667. These tuning ranges cover almost the whole visible spectrum (400 to 
700 nm). 

j | We now analyse the NCPM in KNbOj crystals. For this crystal we found four configura- 
tions that meet the NCPM conditions (at room temperature): IA[66e], IB(aac] (for type I) 
and riA[6cc], IIBfacc] (for type II), where A and B represent the A-vector propagation 
directions along the a- and 6-axls, respectively, with the f-fields polarizations along [66c], 
etc., for wavelengths of [Aj, A,, A,] in order. As discussed above, only type I has a 
nor-vanishing d* for propagation along the principal axes. Among these NCPM con- 
ditions shown in Fig. 24, there are only few examples that have been explored [47]: (1) SHG 
of 986nm (dye laser) using IB(<rac]; (2) SFM of 676 nm (krypton laser) and 1064 nm 
(Nd: YAG laser) using IA[66c], 

j The potential applications based on the NCPM curves shown in Fig. 24 arc summarized 
as follows. 

j 1. A-cut, using d lX of curve A[66c] for the generation of visible laser of: 414 nm (from 
SFM of YAG at 1064 nm and excimer at 676 nm), 430 nm (SHG of diode laser at 860 nm), 
428 tun (SFM of diode laser at 904 and 8l5nm), 447 nm (tripled Nd : YAP at 1340nm). 

{ 2. B-cut, using d v of curve B[<wc] for the generation of: 493 nm (from SHG of dye laser 
at 986 nm), 490 nm (SFM of 1964 nm and diode laser at 907 nm), 472 nm (SFM of 1 320 nm 
and alexandrite laser at 745 nm), 450 nm (SFM of 1550 nm and dye laser at 635 nm). 
j , 3. Tunable visible spectra may be achieved by temperature tuning, where the room- 

temperature NCPM curves may be up (down) shifted by high (low) temperature operations 
(as shown In Fig. 24). 

| Although KNbOj has much higher non-linear coefficients that that of KTP, the over- 
all conversion efficiency of KNbOj is limited by the rather small acceptance widths. 
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| Furthermore, much better temperature control is required In KNbOj. We note that the 

| ' NCPM curves for SFM, shown in Figs 23 and 24, are also valid for OPO and DFM for 

i tunable mid*IR laser sources. We also note that in the reported experiment of SFM 1064 and 

i 809 nm, the intracavity 1064 nm wave generated from Nd : YAG is randomly polarized and 

i therefore Is coupled to 809 nm only by its component polarized in the a-axis [41, 42]. It is 

possible to generate a linearly polarized field of I0M nm by choosing the appropriate 
! pumping diode wavelength. In this case better SFM efficiency may be achieved by coupling 
’ 1064 and 809 nm in the a- and c-directions [50]. 


I 3.5. LiNbOj and MgO : LiNbO, crystals 
i LiNbO, crystal has recently been developed to meet quasi-phase-matching (QPM) appli- 
\ : cations and was the first technique suggested by Armstrong et al. in 1962 for compen- 

sating refractive index dispersion [51]. This technique may be applied to isotropic materials 
j Of to interactions which are not phase-matchable In anisotropic materials. By modulating 
the sign of the non-linear coefficient of the crystal at odd multiples of the coherence 
length, the periodic stack crystals may achieve QPM with the effective coupling reduced 
< by a factor of 2 lit in comparison to that of the common phase-matching crystal. However, 

j the conversion efficiency may be largely enhanced by the number of domains in the crystal 

j and by using the highest non-linear coefficient of the crystal such as d„ in LiNbO,. 

For the case of UNbO„ an enhancement factor of 23 N* (for periodic domains) and 
j 23 N (for random domains) may be achieved, where N is the number of domains in 

j the crystal [52], Three methods have been demonstrated for periodically poled LiNbO,: 

\ the Czochralski method with dopant gradient of yttrium, the laser-heated pedestal 

growth with rotating temperature gradient and the dtanium-diffusion-induced domain 
reversal method [53-56]. A conversion efficiency of 2 Wcm" J was recently achieved 
j in SHG of a low-power (2.6 mW) 1064 nm and 1/iW of 425 nm generated from SHG 

j of 189mW at 850mm [41]. Furthermore, direct frequency doubling of a diode laser at 
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TABLE IV Blue-green lasers from diode- and dye-le»er-pumped tyatama [2] 

Laser 

i 

Pump source 

Conversion technique 

Non-linear 

crystal 

Output 

(nm) 

Nd: YAG 

Diode User 

SHO(l) 

KNbO, 

473 

j 

Diode laser 

SFM(l) 

KNbO, 

436 


Diode User 

SHG(2) 

MgO: LiNbO, 

532 

\ 

Diode laser 

SHC(3) 

MgO : UNbO, 

532 

J: 

Dye laser 

$FM(2) 

KTP 

459 

( 

Diode laser 

SFM(2) 

KTP 

459 

Nd: YLF 

, Dye laser 

SHO(l) 

MgO : LiNbO] 

523.6 

Nd:MgO: LN 

Dye User 

SHG(Klf-doubUng) 


598 

Er: YLF 

Dye later 

Two-photon process 


550 

Diode User 


Waveguided 

UNbO, 

420 

Diode User 


DSHG 

KNbO, 

43 1 

Dye laser 


DSHD 

-KNbO, 

425 to 435 

Nd : YAG 

Diode laser 

SHG{2) 

KNbO, 

532 

NYAB 

Dye laser 

SHG(seLf-doubling) 

NYAB 

532 

NYAB 

FUshUmp 

SHG(self-doubling) 

NYAB 

532 

NYAb 

£ 

Dye/diode laser 

SHGtself-doubling) 

NYAB 

532 

Nd : YAG 

Diode User 

Quasi-phtse-matehing 

PPLN 

532 

Diode laser 


Quasi-phase-matching 

PPLN 

525 

Diode 

(Direct output) from AIGalnP 


600, 680 


SHG(l), inlracavity SHG; SH0(2), extemal<aviiy SHG; SHC(3), external ring cavity SHG; DSHO, direct SHG 
of; diode later or dye later at 840, 842 and 850 to 870 nm; SFM(I), SFM of diode later (at 809 nm) and 
diode-pumped Nd : YAG (at 946 nm); SFM(2), SFM of diode later (at 809 nm) and diode-pumped Nd : YAG (at 
(064nm); NYAB, Nd^Yi.^Al^BOj* and PPLN, periodically poled lithium niobate. 


840 nm was reported in wayeguided LiNbO, using birefringent phase-matching (Cherenkov 
effect) [57]. 

| MgO-dopcd LiNbOj has two advantages over the undoped-LiNbO,: (1) non-critlcal 
Ijhase matching for SHG of 1064 nm may be achieved at 105 to 120 a C compared with 4° C 
in undoped LiNbOj and (2) the optical index damage effect (photo refraction) in undoped 
LiNbO, is removed by the dopant when operated at elevated temperatures, 
j The damage thresholds of 610 and 340 MWcm‘ J were reported for 1064 and 532 nm for 
the doped LiNbOj. These values are 200 to 300 times those of the undoped LiNbOj 
[5,8, 59]. However, damage thresholds of approximately 30 to 50MWcm“ 3 were also 
reported due to the two-photon absorption (TP A) process. For applications in OPOs, the 
IR wavelength (1 to 4>sm) will avoid damage caused by TPA. SHG of diode-pumped 
Nd : YAG and OPO (using 532 nm as the pump) using MgO : LiNbOj have recently teen 
reported [60], where 56% doubling efficiency of a 52.7 mW input at 1064 nm was achieved 
in an extcmal-cavity-ring resonator. Applications of high-efficiency non-linear crystals for 
the generation of blue-green diode-pumped lasers are summarized in Table IV. 

! i 

4. Figure-of«merlt and conversion efficiency 
411. Materials selection rule 

The criteria listed below are necessary to achieve the best performance for frequency 
conversion in non-linear crystals [I]; 

high effective non-linear coefficient; 
high damage threshold; 
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TABLE V F 

Crystal Trar 
rang 


KDP 0.2 
D-KDP 0.2 
CDA 0.27 
D-CDA 0.27 
D-LAP 0.2 
BBO 0.19 
LBO 0.16 
LilO, 0.3 
LiNbO, 0.4 
KNbO, 0.4 
KTP 0.33 
Urea 0.21 

d, Non-line* t 
perature icct 
(mradem 1 ' 1 ); 

small 

wide 

wide 

non*< 

large 

chem 

low c 

ease 

high 

As show 
LBO, urea 
and KNb< 
regimes ar 
AgGaSe, i 

TABLE VI 


Material 


AgGfiSi 

Cd$e 

AgGaSe, 

TAS 

CdGeAs, 

ZnGePj 

Tellurium 

♦Figure-of-t 
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^ P artial of » ow» non-lin8ar^r y«tal« with trani parency rangat of 0.16 to S^trn 
Cryital Tramparency <//</„ (KDP) Abtorption AT. L AM- L ALL DT Raf.ranca 

range (^m) coefficient (‘Cem) (A cm) (GW cm' 1 ) 

at 1064 nm 

(cm’ 1 ) 


KDP * 0.2 to |.5 

D-KDP j0.2 to 1.5 


d-Lap 

BBO 

LBO 

LUO, 

LiNbO, 

KNbO, 

KTP 

Urn 


0.27 to 1.7 
0.27 to 1.7 
0.2 to |.9 
0.19 to 3.0 
0.16 to 2.6 
0.3 to 5.5 
0.4 to 5 
0.4 to 5.5 
0J5 to 4.5 
0.21 to 1.4 


0.92 

0.92 

0.92 

1.9 

4.4 

2.4 to 2.9 
12 

10 

37 to 47 
U to 15 
3 


11.5 

0.84 

106 

0.4 

70-72 

7.4 

0.94 

32 

0.4 

70-72 

6 

69* 


0.3 

70-72 

6 

72* 


0.3 

70-72 

1.5 

0.53 

(1 

10 to IJ 

70-72 

55 

1.5 

9.8 

3 to 3 

18, 19, 

9 

(9, 42*) 


5 to 10 

13 

4.9 

0.32 

3.2 

0.01 to 0.03 

70-72 

-0.6 

47* 

23 

0.01 to 0.04 

70-72 

0.05 

(12, 30*) 


0.2 to 0.4 

47-49 

25 

(15, 108*) 

5.6 

0.3 to IX) 

43-46, 

23 

0.77 

8.3 

1 to 2 

70-72 


1^°/’ * L< ? * 10 "'* S, ‘ “ t73]; 0.39pm V- [|4]i AT. L. lem. 

iA \ AM ' L ‘ ‘"* ul * r ,cc *P unce "•«»«» tot critical (mradcm) ind/cr non-crillcar 
(mradcm ), A/. L, ipectral acceptance width; DT. damage threihold for 10m pulie at 1064 nm. 


small absorption and scattering loss; 
wide phase-matching range; 

wide acceptance widths (angular, spectral and temperature); 

non-critical phase-matching, if possible; 

large size with good optical homogeneity; 

chemical and mechanical stability; 

low cost (efficiency per dollar); 

ease of fabrication (cutting, coating and polishing); 

high thermal conductivity and grown in waveguide on fibre forms. 

i tart * h0Wn J aWcs v t0 vn » no kaown materials meet all of these requirements. BBO, 

L V^wurt a Il d bave ^ good UV tran «Pa«ncy with high damage threshold, KTP 
and KNbO, have high non-linearity but applications are limited by their phase-matchable 

a C ^ S and thC absor P tlon cutoff at about 400 nm. Semiconductor crystals of TAS and 
AgGaSc 2 are suitable for SHG of 5 to 12 lasers; however, they suffer from absorption 

TABLE VI Non-linear crystals with transparency range* 0.S to 30 (1] 


Material 


Transparency 
range (^m) 


Absorption 
at 10.6/4m 
(cm"*) 


Damage 

threshold 

(MWcm-*) 


Relative 

flgure-of- 

merit 


AgOtS, 

CdSe 

AgGaSe, 

TAS 

CdGeAh 

ZnGeP| 

Tellurium 


0.5 to 13 
0.75 to 20 
0.71 to 18 
1.26 to 17 
2.4 to 18 
0-74 to 12 
3.8 to 32 


•Figure-of-merit (eviluited it phoc-mitehing for SHO of I0.«^ra) of AgOaS, 14.0pm V* iiehoien u 


Mi 


|p 


m 




/. T. Lin 


Non-linear cryst 




i 


TAB'-LE VII Propartiaa of non-linair organic crystals [1, 74] 

Name, 

i 

Point 

group 

Transparency 
range (pm) 

Melting 
point (*C) 

d 

(10~’«u) 

Figur«-of-merit, 
t/ 1 /n J pm V - ' 

Damage threshold 
at 1064 fim 
(QWcm- 1 ) 

laH ' 

2 

0.2 to 1.9 

140 

1.9 

0.2 

10 

Urea] 1 

32 m 

0.2 to 1.4 


3 

0.6 

1 to 3 

POM 

222 

0.41 to 2 

136 

20 

13 

2 

m-N^ 

mm2 

0.5 to 2 

113 

34 

37 

0.2 

MAJ>. 

2 

0.5 to 2 

81 

40 

82 

3 

COANP 

mm2 

0.48 to 2 

71 

57 

117 


DANi 

2 

0.43 to 2 

167 

60 

127 


NPPi 

2 

0.5 to 2 

117 

200 

1478 


npa:n 

mm2 

0.5 to 2 

IL5 

200 

1478 


MNA 

m 

0.5 to 2 

131 

250, (38) 

1878. (43) 

0.2 


i ■ 

andhow damage threshold. As shown in Table VII, most of the organic crystals (with the 
exception of urea and LAP) have absorption cutoff at about 450 run and have low damage 
threshold. However, due to their non-linearities, potential applications for low-power lasers 
(such as diode and diode-pumped lasers) are expected. If the conditions of a good pumping 
source are met (narrow bandwidth, small divergence, and clear spatial and temporal 
profiles), then high conversion efficiencies may be achieved if the crystals meet the following 
conditions: 

I 

low absorption for both the pump and the converted beams; 

phase-matching within large acceptance angles, broad spectral of the spectrum and wide 

range of temperature; 

large aperture length or small walk-off angle; 
aj large figure-of-merit. 

Greater detail of the conversion efficiency influenced by the parameters described above is 
presented in the following. 

\ ' 

4.2. ! Conversion efficiency 

The frequency-conversion efficiency depends not only on the properties of the non-linear 
crystals (acceptance bandwidths, phase-matching angle and non-linearity) but also on the 
condition of the laser beams (beam quality, beam divergence, spectral width and Poynting 
vector walk-off). To analyse these effects, we have recently developed a new model that is 
able to characterize several of these parameters in an analytical expression. 

The SHG efficiency with the phase-matched, collimated beam (unfocused) conditions is 
given by 

! tj « tanh^e-^ (7) 

where A' is a reduced merit parameter given by the new expression [47] 

«•> 

! Y = D^{L + a/20) (8b) 

where <4* is the effective non-linear coefficient (pm V’ 1 ), L is the crystal length (cm), 
P„ is, the pump power (MW), /t u are the index of refraction for the pump (at wavelength 
A, in /im) and the second harmonics and a is the absorption constant of the harmonics. 
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Non-linear crystals for tunable coherent sources 
D is a reduced main parameter and S is a spatial overlap function defined as [61]: 

D s c — b 3 (a i 


2W>? 




a S law 1 ) 

/ « I 

b ~ J.if.rn 1 ) 




where /5 y are the walk-off angles for the pump (J « 1, 2) and harmonic (J «* 3), with beam 
spot size of ffj and W 2 , e t is an elliptical focusing parameter with e h ~ 1 for spherical 
focusing. 

The effects of beam walk-off on the reduction of efficiency may be easily seen by the 
expansion of the error function as 


if - 2.97 x 10* J + ...j e~ UL (15) 

where we have defined an effective figure-of-merit 

F a - foLm ?«f»i (16} 7 

Some important features may be addressed based on the results of Equations 7 and 15^ 
Cancellation o Lthc jvalk-ofT r ffoc ts may be a <* hi,,w<< ln 'yp* TT SHfi, whe 1- ^ f W 0 extraordintf 
ary rays may still be counlcd .whcn-faoth^vs-wa]lc-oftirUhc,samnilkcctiori. The efficiency 
drops exponentially with the total loss factor that consists of the second-harmonic absorp- 
tion loss and the energy loss due to the walk-off effects. For type I SHO the formal loss 
mechanism vanishes and cos /J ( - l. 

The effects of the pump beam quality (divergence, spectral purity, etc.) on the $KC 
efficiency may be investigated by the Taylor expansion of the phase-mismatching factor. 
Given a pump with beam divergence and spectral bandwidth governed by a Gaussian 
profile, the SHG integrated efficiency may be expressed by [61] 

’ - (If * exp [ _ (^)] dJC ' diC * ^ <l7) 

4\ » tsQJ&kQ,, di « &4>lI&4>i and d } ~ AAJAX„ where ti t are the SHG efficiency solved 
for the ideal beam case (that Is, when the ratio parameters dj = 0), which are defined by 
the ratios between the pump beam bandwidths (angle and spectrum) and that of the crystal 
acceptance widths. 
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The significant features described by Equations 7 to 17 are discussed as follows, 

1. The coupling efficiency may be optimized by maximizing the overlap function S. For 
fixed beam radii of W x and W l% the optimal beam spot of fY* is calculated as 


W? 


<il«i , <i /eiY 1 ' 1 

W ~wF) 


(18) 


2. The coupling efficiency may be improved by elliptical focusing (* y > 1) in the non- 
walk-off plane (with fa - 0). For example, in the case of type I OPO, the confocal cavity 
may be designed such as the signal or idler beams (j = 1,2) are focused more tightly than 
the pump beam (J « 3), where only the extraordinary ray (the pump beam) suffers the 
walk-off (jJj ^ 0). Furthermore, the efficiency may be improved by tighter focusing in the 
insensitive direction (or larger acceptance width) than in the sensitive direction of the 
crystal. We note that for uniaxial crystals the_angular acceptance width is inversely propor- 
tional to the waik-off angle. Therefore, the insensitive direction matches the smaller 
walk-off direction. 

3. The gain reduction parameter D causes the coupling strength to decrease exponentially 
as the beams propagating through the non-linear crystal. We notice that this D-factor is 
governed by the ratio between the walk-off angle (per unit length) and the beam radius. 
Therefore, for crystals with large walk-off such as BBO and LiNbOj, tight focusing of the 
extraordinary beam increases the power density but also reduces the effective coupling 
strength of the crystal. 

4. Our numerical solution of Equation 17 shows that the efficiency reduces to 60% of the 
ideal case (without beam divergence) when the beam divergence is twice the angular 
acceptance of the crystal. 

5. For a multimode beam, in particular, the conversion efficiency is limited by several 

factors: (a) how lightly the pump beam may be focused; (b) the beam quality, such as 
divergence within the acceptance angle at the crystal; (c) the ratio of the beam spot size and 
the total walk-off length referring to Equation 9; an d (d) the damage threshold (power 
densUx^jLenergy^oO^^ — 

6. The minimum peak power required for efficient SHG is governed by the power density 
desired, the nominal crystal length, the beam divergence and the crystal acceptance widths 
(in angle and spectrum). Improvement of SHG efficiency may be achieved by elliptical 
focusing or by optimizing the focusing and crystal length. 

Fig. 25 compares crystals of K.DP, BBO and urea (both type I and II) based on the 
effective figure-of-merit (Equation 16) for SHG, Note that the phase-matching curves cut 
off at Ftf — 0 and the maximum values are achieved when the effects of the phase-matching 
angle and the wavelength dependence of Equation 16 are optimized. Furthermore, the F tl 

4VAJWJU* IJL^IUUtUUU U J^U * IU .IMt ..'limi 

angles) and reveals an excellent candidate for doubling tunable lasers with a spectral range 
of 410 to 700 nm such as dye laser, Ti: sapphire and alexandrite lasers. However, we also 
note that BBO type I has a smaller angular acceptance width (O.fimradcm, for SHG of 
1 064 nm) than that of type II (0.8 mrad cm), the SHG efficiency may not be as good as type 
II, particularly for a pump beam with poor quality as indicated by Equations 9 to 17. In 
this case the relevant figure-of-merit should be modified by the beam quality effects (see 
Equation 17). Fig. 25, based on Equation 16, provides the guidance of SHG efficiency for 
the ideal situation where the pump beam divergence and spectral width are within the 
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fifovre 25 Effective flgurt-of-marit plotted against tha 
pump wavalangtha for various crystals based on Equation 
IS for type t and type II operations. Comparisons ire 
based on the same pumping intensity and the typical 
cryetal lengths. 7 mm (for BBO and urea) and 14 mm 
(for KDP). All of the values are normalised to that of 
KOP (type J) for SHO of Nd : YAG laser at 1064nm. See 
the text for a discussion. 


acceptance width of the cryjfiil, 
quality effects are given itr[6l]. 


Greater details with quantitative results for the beam 


5. Self-frequency-doubling crystals 

There are two crystals that have been studied recently as self-frequency-doubting materials: 
Nd : MgO : LiNbOj and NYAB (60, 62-67]. There were very few data reported on Nd: 
MgO: LiNbOj. We focus on NYAB in the following discussion. 

NYAB was first studied for the generation of 1.32 fxm and its second harmonics at 
0.66 pm by Dorozhkin el al. [62]. This new crystal of NYAB may be grown by the flux 
method (63, 64] and has several features that are attractive for the generation of green light 
In optically pumped systems; (l) the active-ion (Nd 3 '") concentration may be much higher 
than that of Nd : YAG, with rather low luminescence-quenching effects; (2) high effective 
cross-sections, 10 x 10“'* and 1.8 x 10' 1 * cm 1 for emission at 1.06 and 1.32/im, respec- 
tively, at x - 0.2 in the composition of Nd t Y|_ x AIj(BO,) 4 ; (3) a damage threshold of 
400 MW cm -1 , which is much higher than that of the non-linear active crystal neodymium- 
doped LiNbOj; (4) it is a self-doubling active crystal with a non-linear coefficient (d a ) about 
four times that of d M in KDP and is comparable with that of BBO; (5) the fundamental 
emission is highly linearly polarized and may be efficiently doubled using type I phase- 
matching; and (6) multiple wavelengths of 1.32, 1.06, 0.9, 0.66, 0,532 and 0.45 nm may be 
selectively achieved via the active-ion concentration level. 

Generation of green emission at 532 nm in pulsed operation was reported in a dye-laser 
(pulsed) pumped NYAB (62]. Recently we reported the pulsed emission at 532 nm in a 
flashlamp-pumped system ^f63T"6$3. The first demonstration of c.wt^laser emission at 
1064 and 532 nm in a didttc^pGmped NYAB was also reporte<yl65]. JN comparison of 
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| INCIDENT PUMP POWER (mW) 

•„C figure 26 Comparison of <Jiod«*pumpad ( 4 ) Nd:YAG and ( a ) NYAB and (O) dyi-lsur-pumped NYAB for 
f=i 1 .06 jim amission. 

m j ; 

4^ diode-pumped Nd : YAG and NYAB is shown in Fig. 26. As shown in Fig. 27* we achieved 

J! 9/iW green output power from an input diode laser of 450 mW. Higher efficiency in an 

jr, acoustic-optics Q-switched system is in progress [66]. 

u, Theiself-frequency-doubiing may be described by a simple model that provides the green 



INCIDENT PUMP POWER (fflWl 

figure 27 Comparisons of dlode-pumpad NYAB with emission it (O) 1063 and (■) 632 nm, where the full 
curvet ire the theoretical results based on Equation 1 9. See text. 
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output power as follows (within the constant-pumped and small-gain approximation) [67]; 


Pi oc (d <s L)\ 1 - ai L/2)/>? (l 9a) 

« M*£) J ( 1 - *j4/2)(l - e"" t ) 1 /» 0 J (I9b) 

a, = a + 6* (20a) 

«j ■ c + c£x (20b) 


where P 0 , />, and />, are the powers of the pump (diode laser at 808 nm), fundamental (at 
1063 nm) and second harmonic (at 532 nm), d a and L are the effective non-linear coefficient 
and the crystal length of NYAB, respectively, with absorption coefficients of a, and a 2 (at 
i 1064 and 532 nm, respectively) that depend on the Nd )+ concentration x. 

We note that both the gain (for emission at 1063 nm) and the absorption losses (at 1063 
and 532 nm) are stron gly infl uenced by the Nd u concentration level, x. A large * achieves 
higher gain (via the absorption of 808 nm, 2 , ) but also suffers a larger absorption loss (at 
the green, « 2 ). We believe that the optimal values of x should be in the range 0.03 to 0.1, 

, depending on the crystal length used and the beam spot sizes inside the crystal. Further- 

' more, a better doubling efficiency may be achieved by incollaborating a Brewster-cut plate 

1 in the cavity, where type I, with effective non-linear coefficient of 1.4 pm V* 1 (which is about 

1 twice that of type £I>, is preferred and requires the fundamental beam to be linearly 

j polarized along the ordinary axis of the crystal. In addition to the green emission at 532 nm, 

‘ by observing the measured results, we note that NYAB crystal also shows strong fluores- 

, cence emissions around 880 to 905 nm, which may be converted to 440 to 452 nm emissions. 

A better efficiency can be achieved by optimizing parameters including the crystal length, 
dopant concentration, cavity design and coating. Furthermore, a high-power diode array 
; ( a f ev y watts) should be able to produce lOOmW-range green from NYAB. Acoustic-optic 
Q-switched operation should also generate much higher green emission via the higher peak 
power of the fundamental (at 1063 nm) [66]. 

| The green efficiency of NYAB is limited by the factors such as poor spatial overlap 
between the 1063 and 532 nm waves (due to beam walk-off) and the non-linearity of NYAB 
| (only 1.7 pm V* 1 ). Organic non-linear crystals such as COANP, PNP and DAN with 

j non-linearity 20 to 200 pm V - 1 would be the potential candidates providing that the appro- 

1 priatc active ions of neodymium or chromium may be doped and reasonable emission 

j cross-section and fluorescence lifetime are achievable. Modification of the optical proper- 
I ties of these organic crystals by various dopants is in progres £p8] ; 

6. Conclusion 

, th** P*P«r we have presented the frequency-conversion techniques (SHO, SFM, DFM, 

OPO and SRS) using non-linear media (crystals and Raman gases) for the generation of 
tunable coherent sources. Crystals with high damage thresholds and UV transparency such 
j as BBO, LBO and LAP are suitable for high-power laser applications and for UV lasers. KTP, 
| KNbOj and MgO : LiNbO, crystals with high non-linear coefficients and good transparency 
j in the visible spectrum are suitable for visible region diode-pumped lasers. The efficiency may 

] ** improved by using some novel techniques such as elliptical focusing, QPM, waveguided 

! devices and NCPM. The material selections for non-linear crystals were discussed in Section 
; where we should emphasize that the non-linear conversion efficiency is governed not only 

[ by the properties of the crystals, but also by the quality of the radiation such as its spatial 

: And temporal profiles, and angular and spectral bandwidths, as indicated in Section 4.1. 

) 
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The availability of compact coherent sources in the visible regime will depend on the 
technology of high-power diode lasers (as the pumping sources) and the development of 
hiah-cfficiency non-linear crystals (as frequency converters). As a concluding remark, we 
note that the newly discovered crystal of KTiOAsO, (KTA) with an effective non-linear 
coefficient 1.6 times that of K.TP (for SHG of 1064 nm) [64] and KTP in waveguide and 
periodically poled forms [75] present the excellent candidates for the generation of visible 
dio’de-pumped lasers using either of the SHG or SFM schemes shown Fig. 7. Furthermore 
nonlinear organic crystals grown in fibre forms were demonstrated as the candidates for 
high efficiency frequency conversion for low-power lasers [76, 77]. 
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. Tunable picosecond pulses in the ultraviolet region down to 197 nm with > 20 kW peak power are generated by the sum 
frequency mixing of fourth or third harmonic pulses of a mode-locked YAG laser with tunable pulses produced by a 
LiNbOj parametric oscillator pumped by second harmonic pulses of the YAG laser by using a KB5 or KDP crystal. 


Previously we reported [1] the development of a 
temperature-controlled LiNbOj parametric oscillator 
system pumped by second harmonic pulses of a repeti- 
tively mode-locked YAG :Nd 3+ laser. It was shown 
that picosecond pulses tunable in the spectral region 
from 240 nm to 3.6 ;im can be generated continuously 
with this system by the use of techniques of second 
harmonic generation and sum and difference fre- 
quency imixing. The shortest wavelength of 240 nm 
was achieved by mixing second harmonic of the out- . 
put pulses of the parametric oscillator with the fun- 
damental pulses of the YAG laser. This tunable pico- 
second laser system has been used successfully by us 
to investigate dynamics of ultrafast processes in direct- 
gap semiconductors [2-4]. 

In the present letter we report the extension of the 
tunabiejrange in the ultraviolet region down to 1 97 nm. 
This was performed by the sum frequency mixing of 
parametric output pulses with fourth or third har- 
monic pulses of the YAG laser by using a KBS (po- 
tassium! pentaborate tetrahydrate) or KDP-type 1 crys- 
tal. The* shortest wavelength of 196.7 nm was attained 
by mixing 775 nm parametric pulses with fourth har- 
monics by using the KB5 crystal. 

It is knowri that KBS crystal is transparent in the 
spectral! range down to 1 80 nm [5] , has large aniso- 
tropy and is useful as a nonlinear crystal to be used in 
the ultraviolet region [6,7], With regard to the genera- 


tion of tunable pulses using KB5, Kato [8] demon- 
strated that nanosecond pulses tunable in the range 
down to 196.6 nm are produced by mixing fourth 
harmonic pulses of a Q-switched YAG laser with near- 
infrared pulses of a dye laser pumped by second har- 
monics of the YAG laser. Stickel and Dunning [5,9] 
reported the generation of nanosecond pulses tunable 
in wavelengths extending to 1 85 nm attained by mixing 
the outputs of two dye lasers, one operating in the in- 
frared and the other in the ultraviolet. The generation 
of picosecond pulses tunable in these short wavelengths 
by using KB5 seems not reported yet according to 
the authors' knowledge. 

Th our experiments a mode-locked YAG laser sys- 
tem including three amplifiers was used, which pro- 
duces a train of 1.064 pan pulses separated by 7 ns. 
The average peak power of pulses is ~1 GW and the 
duration is ~20 ps. 

Fig. 1 shows the experimental set-up in the case 
when parametric output pulses are mixed with fourth 
harmonics of the YAG laser by using a KBS crystal. 
The output of the YAG laser is converted to the sec- 
ond harmonic of ~ 100 MW peak power by a KDP 
type-I crystal. Second harmonic pulses pump a para- 
metric oscillator composed of a 90° Z-cut LiNbOj 
crystal (10X 10X20 nm 3 ) and a resonator cavity. 
The length of the cavity is adjusted so as to be the 
same as that of the YAG laser oscillator. The LiNb0 3 
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r t j, 

Fig. 1. Experimental set-up to generate tunable pulses by the 
sum frequency mixing of output pulses of a LiNb 03 paia- 
l metric oscillator (frequency: wp) with fourth harmonic pulses 
\of a mode-locked YAG laser (output frequency: t oj). 

\ i 

\ ; 

crystal is located in an oven. By changing the tem- 
perature of the crystal between 50 and 450°C para- 
metric pulses (w p ) tunable in the ranges of 630-900 
nm and! 1 .29—3.6 pm are generated. The peak power 
is — 10 SdW in the vicinity of 750 nm. In the case of 
generating pulses in the range of 900 nm-1 .29 pm, 
the oven is replaced by a Peltier element and the crys- 
tal is cojoled down to 0°C. The output pulse of 1.064 
pm at the degenerate point is produced at 0°C. By 
precisely adjusting the cavity length of the oscillator, 
the duration of output pulses could be made as short 
as 8 ~ 9 ps. The wavelength of parametric output 
pulses was monitored by a spectrograph and a multi- 
channel] analyzer using a TV camera after convertion 
to second harmonic pulses by an RDP crystal, as shown 
in the figure. The spectral width of the pulses Is less 
than 0.2 nm in the wavelength below 400 nm, while 
it is 0.8 nm at about 500 nm corresponding to the 
1 .064 pm degenerate point. 

After the generation of second harmonic pulses 
fundamental laser pulses (coj ) with ~600 MW peak 
power are split, made to pass through an optical delay 
and then made to join parametric pulses, as shown in 
fig. 1 . These two kinds of pulses were carefullly ad- 
justed so as to coincide with each other in time as well 
as in space. Fundamental pulses are then converted 
to second harmonic pulses by a KDP type-I crystal 
and further to fourth harmonic pulses with -vlO MW 
peak power by an ADP type-I crystal (10 X 10 X 20 
mm 3 ). Then, by a KBS crystal (7X7X7 mm 3 ) para- 


metric and fourth harmonic pulses are mixed to gener- 
ate sum-frequency pulses (4ojj + w p ) by means of 
angle-phase-matching. The KBS crystal is cut and 
polished In order that the normal direction of the en- 
trance plane may have the condition of 9 = 65° and 
- 90°, where 9 is the angle between the direction of 
light propagation and the z-axis, and <p is the azimuth 
angle measured from the x -axis [10]. The generation 
of mixed pulses was confirmed by a fluorescent screen 
after dispersion by a quartz prism. 

The 4WJ + w p pulses are tunable from 196.7 nm 
to 217 nm, as shown in fig. 2, with using parametric 
pulses from 755 nm to 1 .09 fi m. The peak power for 
the shortest wavelength of 196.7 nm is about 20 kW. 
The spectral width was not measured, but it is sure 
that the width is nearly the same as or less than that 
of the 2<u p pulses mentioned above. The shortest wave- 
length limit originates from the phase-matching con- 
dition of the KB5 crystal for the case of the mixing 
with 4wj pulses. The longest wavelength limit is due 
to the fact that the infrared absorption of KBS starts 
from 1.1 nm [5], so that parametric pulses with wave- 



UNbQjCrysttl Tempwrtur* CC) 


Fig. 2. Wavelengths of tunable pulses generated by mixing 
parametric pulses (cj„) with fourth, third or second har- 
monic pulses (4 cji, 3cji or 2 cji) of a YAG laser as a func- 
tion of the UNbOa crystal temperatui 


435 



OPTICS COMMUNICATIONS 


15 May 1982 


» 

1 


Volume 41, number 6 

j 

length longer than 1.1 (im are absorbed. 

Tunable pulses in the range longer than 217 nm 
are obtained by replacing the KB5 crystal with a KDP 
type-Ii crystal (15 X 15 X 15 mm 3 , cut so as to be 
Q = 60°), as shown in fig. 2. The longest wave-length 
limit of 226 nm in this case is due to the absorption 
of parametric pulses by the KDP crystal, in which in- 
frared) adsorption starts from 1 .5 ton. 
ffi The generation of the 21 2.8 nm fifth harmonic 
, u. f {- I pulsesjof the YAG laser by mixing Wj and pulses 
I/ was also performed using the KB5 crystal with the 
same configuration as in fig. 1. The Scoj pulse of ~5 
i MW peak power was obtained for the condition of the 
\l <^l » 2 cji and 4o>j pulses with peak powers of 1 GW, 
W300 MW and 30 MW, respectively. 

A In the case of the mixing of parametric pulses with 
= third harmonic pulses, the ADP Crystal In fig. 1 was 
replaced by a D-KDP type-II crystal, and 3wj pulses 
with ~f20 MW peak power was produced by mixing 
and 2Wj pulses. Then, parametric pulses were 
mixed) with 3o>j pulses by either the KB5 or KDP 
% crystal. With the former, pulses tunable In 225—269 
% nm, while with the latter those in 269-287 nm are 
T generated, as shown in fig. 2, with ~100 kW peak 
f power): The shortest wavelength limit of 225 nm comes 
==... from the wavelength limit of parametric pulses, while 


the longest wavelength limits of 269 and 287 nm are 
due to the absorption of parametric pulses by each 
crystal. 

The mixing of parametric pulses with second har- 
monic pulses was also performed by using a D-KDP 
type-I crystal, and pulses tunable in 288-393 nm 
were obtained as shown in fig. 2. 
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$ The new nonlinear crystal of lithium triborate, LiBjO, (LBO), was investigated for frequency doubling and mixing of 1064 
f=. nm ' 1 135 nm and 1908 nm operated at the noncritically phasc-malchcd (NCPM) temperatures of 149"C (for doubling 1064 
~ nm ), 77i4°C (for doubling 1 135 nm), 1 12*C (mixing 1064 and 1 135 nm) and 81 *C (mixing 1064 and 1908 nm).Thc temper- 

. ature tuning curves (from 0 C to 1 50 C), angular and temperature bandwidths are measured and compared with the calculated 

J=’L values. 


l.jkitroduction 

flghc newly (discovered nonlinear crystal of lithium 
triBorate, LiB 3 Oj (LBO), has several advantages over 
arSiher borate family, P-BaB 2 0 4 [1-5]. These in- 
cite nonhygroscopic, wide transparency (0.16-2.6 
jirffi), high damage threshold and may be tempera- 
tufi-tuned for noncritical phase-matching (NCPM). 
Under this NCPM condition, frequency conversion 
efficiency may be greatly improved by the large an- 
gular acceptance widths and by the absence of beam 
walk-off. Examples of this NCPM for frequency 
mixing usingj LBO, KTP and KNbOj crystals were 
reported [5,$]. We note that all of these crystals of 
K.TP, KNbO-) and LBO have the same point sym- 
metry of mm2 and that they are biaxial crystals which 
may be noncr iiicalLy-ohase-rmatc hed for the in pm. 
beam propagating along one ojf the principal avi-c 
The-features of these crystals are compared in table 
1 . 

LBO crystal belongs to the orthorhombic, mm2 
symmetry and the principal axes x, y and z are. found 
to be parallel jtb the crystallographic axes of a, c and 


b, respectively, with n.>n y >n x [1 ]. The calculated 
optic angle is 54.6° at 0.532 pm which defines LBO 
as a negative crystal [7], From the Sellmeier equa- 
tions for the refractive indices, we have obtained the 
phase-matching angles of 1 1.8° (typc-I, to the jtr axis, 
in the xy plane) and 22.7° (typc-II, to the zaxis, in 
the j >z plane ) for SHG of 1 064 nm. Furthermore, the 
room temperature NCPM may be achieved in SHG 
of 1200 nm (calculated value). It is therefore desir- 
able "to - investigate the possibility of temperature- 
tuned NCPM particularly for the type-I operation 
whose matching angle is not too far away from the 
a-axis of LBO. 

In this paper, we report the first demonstration of 
NCPM using LBO (temperature-iuned) for the sec- 
ond harmonic generation (SHG) and surn^Tr?- 
qoency-tTrtXmT(^FMT^fl^37YA^ laser and YAG- 
laser-pumpcd Raman cell in H 2 gas. The tempera- 
ture and angular bandwidths operated at this NCPM 
condition are measured and compared with the cal- 
culated values. The SHG efficiency, angular band- 
widths and the tuning rates (d0/df) are measured 
at various wavelengths of 1064 nm, 1135 nm and 


0030-4018/90/503.50 © 1990 - Elsevier Science Publishers B.V. ( North-Holland ) 


159 


15 December \09Q 


Volume 80. number 2 OPTICS COMMUNICATIONS 


Table 1 

Comparison of biaxial crystals with point group of mm2 


) 1 

KTP 

KNb 0 3 

L-i B 3 O 3 

symmetry; > 

mm2 

mm2 

mm2 

optical angle (at 1064 nm); 

21.9° 

57.2“ 

54.6* 

(crystal type) 

(positive) 

(negative) 

(negative 

i • 

optical axis:; (x, y, z) 

crystallographic axis; 

(a, b, c) 

(c, a, b) 

(a, c, b) 

nonlinear coefficients: (pm/V) 

^51. ^33 

6.5, 5.0, 13.7 

15.8, 18.3, 27.4 

1.15, 1.24, 0.063 

^ 1 d 2 4 J 

6.1, 7.6 

16.5, 17.1 

1.15,1.24 * 

max. 

type II 

typel 

type I 

acceptance widths; 

noncriticai (mrad. cm 1/2 ): 

108, 186 

30 

57 

critical (mrad. cm): 

15,83 

12 

9 

^temperature' width ( # Ccm): 

25 

0.05 

4.2 

L^oncritica! 

SFM of 809 

SHG of 860, 

SHG of 

Sphase- 

<St 1064 nm 

986 nm 

1064 nm (at 149*C) 

^matching: ; 

T3 f 1 

(room temp.) 

(room temp.) 

1079 nm (at 1 12°C) 

tJa~ ^ ' 

\xz plane (^== 0 * ): 
d e jT(f) (forO< 0 <i 2 ) 

d) 2 sin 6 

— dji cos 9 

d [S co$ 2 9+d u sin 2 0 (II) 
d 3l cos 2 5-f ^sin 2 # (I) 

r ~* ^«rr<ii) (for &<&< 90* ) 

a i : 

— dn sin 6 

dii cos 5 


i 1 

Q* plane (^490"): 

JI ^IT(<) 1 

0 

— d 2z $\n 2 8—d iX cos 3 0 

0 

O ^*rrnn | 1 

— d\i sin 6 

0 

d\$cos8 

gy plane (0^90*); 


0 

— c/jjsin d 

dyx COS $ 


— 1 5 si n - d 2A cos 3 ^ 

- 0 

0 


1 908 nm. Wje note that the data obtained in this work 
deviates from that of the earlier work in refs. [ 1 ] and 
[4] due to the difference in the growth of the LBO 
crystals, where slight differences of the indices of re- 
fraction were found [8]. 

) 

c 

j ' 

\ 

2. Experiment 

i 1 

In this experiment, we have used two LBO crystals 
with the lengths of 12.5 mm and 4.7 mm for the ef- 
ficiency and bandwidths measurements, . respec- 
tively. Note that a shorter crystal provides larger 


acceptance widths and hence better reading accu- 
racy. The entrance faces, of size 3x3 mm, were pol- 
ished, uncoated and normal to the x axis of the x axis 
of the crystal. To achieve the type-I NCPM condi- 
tion, the pump beam was propagated long the x axis 
and linearly polarized along the z axis in the xz plane. 
A Quantel laser (model 580) of 10 ns, 10 Hz, TEMoo 
transverse mode, beam spot of 4 mm, divergence of 
0.7 mrad and output energy up to 50 mJ was used 
as the pump source. 

Four experiments were conducted: (A) SHG of 
1064 nm, (B) SHG of 1 135 nm, (C) SFM of 1064 
nm and 1135 nm, and (D) SFM of 1064 nm and 
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1908 nm, where the 1135 nm and 1908 nm radia- 
tions were generated from the rotational and vibra- 
tional first-Stokes in H 2 Raman cell (pumped by 
1064 nm). The results are summarized as follows: 
(for angular and temperature bandwidths measure- 
ment, a crystal length of 4.7 mm was used). 

(A) SHG of 1064 nm: The NCPM temperature 
was mcasuredjto be 149°C with fwhm of 4.0°C cm. 
Angular bandwidths of AS / l/2 = 1.9 degrec-cm ,/2 and 
A0 / 1/2 = 2. 3 cm 1/2 were measured. 60% energy ef- 
ficiency was achieved at input energy of 40 mJ, where 
the pump beam was focused into a 1 mm spot size. 
LBO crystal with a length of 12.5 mm was used for 
achieving 60% efficiency. We note that the LBO 
crystals used in this work were uncoated and surface 
damage was found at an input energy of (45-50 mJ), 
depending upon the crystal quality. The accurate 
surface and bulk damage thresholds still need to be 
investigated, j 

(B0 SHG of 1 135 nm: A lower NCPM tempera- 
tursSbf 77.4 °ct was measured with fwhm of 4.7°C 
cm.3ingular bandwidths were comparable to that of 
SH^of 1064 nm. 

($) SFM of 1064 and 1 135 nm: NCPM temper- 
aturj^of 1 12°G was measured with fwhm of 5°C cm. 
An^yjar bandwidths were not accurately measured 
due, to the unstable output energy of the Raman 
emission. J 

()§>=) SFM of 1064 and 1908 nm: NCPM temper- 
atupe-of 8l 0 Cjwerc measured with fwhm of 7.4°C 

cm -S j 

Temperature profiles of the above measurements are 
shown in fig. 1. 

As shown in fig. 2, the temperature variations of 
the phase-matching angles are measured for SHG of 
1064 nm, 1 135 nm and SFM of 1064 nm with 1135 
and 1908 nm.[ Fig. 2 shows the noncritical phasr.- 
matching (NCPM) temperatures at 149“C, 7 7.4”C 
andTl °C. j iesnectiyelv. We note that these curves 
have increasing slopes of 60/3T when the phase- 
matching angles approach the NCPM condition. We 
have also measured the temperature bandwidths (AT 
/) at the various regimes of these curves. Our data 
shows a slightly decreasing function of (AT/) versus 
T, i.c., a narrower temperature bandwidth was found 
at the NCPMj compared with that of the critical 
phase-matching at room temperature. 

The angularibandwidths (A <f> l) are, however, an 


increasing function of temperature when it ap- 
proaches the NCPM temperature. The measured re- 
sults are shown in fig. 3 where maximum bandwidth 
(A0 /) may be achieved when the phase-matching 
angle approaches the NCPM (angle-tuned), i.e. along 
one of the principal axes of the crystal, <f>, 0=0® or 
90°. Fig. 2 shows the temperature-tuned NCPM 
which is expected to have a trend similar to that of 
the angle-tuned NCPM, where maximal angle band- 
width may be achieved when the NCPM condition 
is met either by temperature tuning or angle tuning 
for a particular fundamental wavelength. We note 
that near or at NCPM, the first-order derivative of 
the wave-vector mismatching vanishes and the sec- 
ond-order derivative is required to obtain accurate 
bandwidths which will be shown in the next section. 
We have also measured the angle bandwidths for 
various processes at room temperature (external 
bandwidths, mrad) using LBO crystal with 4.7 mm 
in length, (A0, AS) = (5.3, 1 12) for SHG of 1064 nm; 
(23.9, 122) for SHG of 1135 nm; (17.8, 118) for 
SFM of 1064 nm and 1 135 nm; (50, 199) for SFM 
of 1064 nm and 1908 nm. These angular bandwidths 
in the sensitive (A0, tuning in xy plane) and insen- 
sitive (AS, tuning in xz plane) directions will be ana- 
lyzed as follows. 


3. Analyses 


In order to analyze the above measured data, we 
have calculated the internal angular acceptance 
widths (fwhm) in the principal planes for type-I SFM 
of 1/2 1 + 1/2j=1/2j, where 2 1 ^2 2 >Aj, as follows. 
Details of the derivations of the following expres- 
sions will be published elsewhere [9]. 

(A) In xy plane (0=90°), first-order (for critical 
phase-matchi ng ) , 


[«j(0) (ny x 2 -nf y 2 ) sin 20]-' , 

«3(^) = («^ ? sin^-h/iYi* 2 cos 2 p)- ,/3 . (I) 

(B) In xy plane, second-order (for NCPM with 
0=0° and 0=90”), 


A0/ l/2 =9.4 




(2) 
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’ r "' ^Temperature profiles of LBO crystal for frequency doubling and mixing; (A) SHG of 1064 nm, (B) SHG of 1 1 35 nm and (C) 
SFM of 1 064 and 1 1 35 nm. LBO length of 4.7 nm was used in this experiment. 


(C) l!n xy plane, second-order (for NCPM), 


A^l'^9.4 ( N , +N 2 ) , 


(3a) 



h \ 


1/2 


(3b) 


l ' 

In eqs. ( 1 )-(3), the units used are: wavelength ) 
in p.m and angle bandwidths in mrad cm (for crit- 
ical, first-order) and mrad cm ,/2 (for noncritical, 
second-order). 

Basfed on the Sellmeier equations [ 7 ] and above 
derived jexpressions, we have calculated the angular 
bandwidths for various processes. The calculated data 
are in good agreement with those measured values 
shown in fig. 3. We note that the LBO crystals used 
in this work were grown by the Research Institute of 
Synthetic Crystals (Beijing, China) which had slight 
differences in the refractive indices when compared 
with that of the crystals grown by Fujian Institute of 


Research in the Structure of Matter (China) due to 
the different fluxes used in crystal growth (8J. Data 
obtained in this work therefore deviate from that of 
refs. [1] and £4 J. Examples are (measured data): 
SHG of 1064 nm shows a phase-matching angle (at 
room temperature) of 11.8° (this work) and 12.5* 
(Chen’s work); NCPM temperatures for SHG of 
1064 nm are 149°C (this work) and 133°C (Chen’s) 
[4,8]. We also found some mistakes (typing errors) 
in refs. [1] and [4], We should also note that the 
analyses described above are valid for phase-match- 
ing either in the principal planes or along the x-axis. 
In the general case, both the first- and second-order 
contributions of the Taylor expansion of the de- 
phasing wavevector should be included in the cal- 
culation. The analytic expressions of the general case 
are quite complicated and will be presented else- 
where [7], In fig. 4, we show the calculated accep- 
tance width A0 (with crystal length of 1 cm), where 
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Fig.%: Temperature tuning curves of LBO for various processes: (A) SHG of 1064 nm, (B) SFM of 1064 and 1 135 nm, (C) SFM of 
I064and 1908 nm and (D) SHG of 1 135 nm, where angles are tuned in the xy plnnc (typc-1 operation) and have been converted into 
inte||ial angles. 


thcgiashed-curve shows the first-order re' ,,,1 »s based 
on «q. ( 1 ) and the solid-curve shows the exact so- 
lution based on a quadratic equation of A</>\ 



perature tuning for various processes as described in fig. 2. 


0.001 K"t{Au) 3 + 2K'l{Au)-l. 1132 = 0, (4) 


where K' and K" are the first and second derivatives 
of the dephasing vector Ale, l is the crystal length (in 
erri) and A u (fwhm)=A0 or Ad (in mrad). Other 
constants are derived for wavelengths in p.m. We note 
that near the NCPM points (0=0° or 90° ) the sec- 
ond-order term in cq. (2)^ is dominant. 

Given the Sellmeier equations of the indices of re- 
fraction, we should be able to calculate the temper- 
ature bandwidths expressed by (for NCPM SHG 
along a-axis): 


A r/= 


X, ( b(n z ,-n$) \ 

2.26 \ bT J ’ 


( 5 ) 


where / and k, both are in the units of cm and bn/ 
dT may be measured or calculated from bn/bT = {bn/ 
cU) (3A/d!r)..By measuring the wavelength tuning rate 
(bX/bT) and calculating {bn/bX) from the Sellmeier 
equations, the temperature bandwidths may be cal- 
culated. In our experiment, we are limited by the 
available laser wavelengths and measured values are 
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SL Fig. 4. Calculated angular bandwidihs for SHG (type-I in xy plane) using LBO, where solid-curve shows the exact solution of and 
jr dashed-curve shows the first-order approximation. Also shown are the calculated walk-off angles; noting that beam walk-ofT vanishes at 
2! the noncrjitical points of 0=0° and 90°, where the second-order solution for the angular bandwidth is required. 


*_ not sufficient to define a continuous curve of (3A/ 
C 3 T). Therefore, an alternative evaluation of 3*/3r 
41 is described as follows. The temperature variation of 
y the refractive index difference, Q(An)/ST, may be 
y found by Taylor expansion of the wave-vector mis- 
y match Ak— 2nAn as follows: 


3A«| 

ar 



where <j> Ui arc the phase-matching angles at two tem- 
peratures 7y 2 , An UJ arc the dephasing factor evalu- 
ated at !0 , i2 . For type-I SHG in the principal plane of 
xy, we (have 

An [ 2 = , [^2 (0) ^ 2y ) sin 20] $= <4, 2 7 ) 

' [ 1 

n 2 (0)4= («£r 2 sin 2 0+n^ 2 cos 2 0)"' /2 , (8) 

where the indices of refraction are evaluated at the 
wavelength of the second harmonic. As shown in fig. 


2, the measured slopes, (3 0/37’), may be combined 
ineq. (4) with the calculated values of (3An/30) and 
allow us to evaluate the values of (3An/3T). Our re- 
sults show the similar trends of the temperature gra- 
dients of (3A n/dT) and (00/3T), where high sen- 
sitivity (or large slope) is found when the NCPM is 
achieved. These features limit the applications of 
LBO to a well-controlled temperature, however, they 
also provide' ■JTtarge temperature tuning rate in op- 
tical parametric oscillation (OPO) near the degen- 
erate point when NCPM is achieved. 


4. Conclusion 

In conclusion, we have demonstrated the NCPM 
experiment in LBO crystals for SHG of 1064 nm and 
1135 nm and the mixing of 1064, 1135 and 1908 nm 
The broad angular bandwidth with no beam walk-ofi 
effects (when operated at NCPM) make LBO an ex 
cellent crystal for high-efficiency frequency convcr 
sion. The deep-UV transmission (as short as 
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nm ) of LBO also provides the potential use for the 
generation of coherent sources with the spectral re- 
gime of ( 1 60 — 188 nm) which can not be achieved 
by other crystals such as BBO [10]. Furthermore, 
tunable radiation (0.9-1. 3 pm) may be generated 
from optical parametric oscillation (OPO), where 
doubled-YAG|(at 532 nm) maybe used as the pump 
to meet the temperature tuned NCPM for various 
output wavelengths in the near-lR spectral range. We 
have recently jachieved a tuning range of (0.9-1. 3 
pm) using 532 nm as the pump, where LBO crystal 
was temperature tuned from 135°C to 150°C. This 
work is in progress and will be published elsewhere 

[11]. I' 
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Corneal Laser Surgery 


Olivia N. Serdarevic 


Advances in laser technology hold the promise for exciting new developments 
in corneal surgery. Cutting imprecision, lack of predictability, and absence of 
reproducibility have been major limiting factors in the accuracy of standard 
corneal surgical techniques using mechanical cutting devices. Distortion of cor- 
neal topography has been unavoidable with currently available instruments that 
require corneal applanation with pressure or suction. Incomplete visualization 
during surgery has led to poor positioning and inadequate centration. The in- 
ability to cut almost infinitely thin sections, to control tissue removal at the 
submicron level, and to,cut with almost no damage to adjacent tissue has been 
an obstacle in achieving optimal visual results. In an effort to find the ideal 
corneal cutting device, newiv available laser systems capable of corneal vapor- 
ization and ablation have been investigated over the past few years. 

This chapter reviews the development of laser applications in corneal surgery, 
the current status of experimental and clinical investigations, and possible future 
laser corneal surgical applications, problems, and solutions. 

TYPES OF LASERS 


Several lasers have been investigated for their corneal cutting potential. These 
lasers have been selected on the basis of corneal absorption characteristics; they 
emit radiation in either the infrared range absorbed primarily by corneal water 
or the ultraviolet range absorbed principally by corneal solids. The infrared 
lasers, including the carbon dioxide (CCL) laser, the hydrogen fluoride (HF) 
laser, and the erbium: vttnum-alummum-garnet (Er:YAG) laser, interact with the 
cornea by photovaporization with thermal effects. The ultraviolet lasers, in- 
cluding the excimer laser and the neodymium:YAG (NdiYAG) laser of the fifth 
harmonic, interact with the cornea bv photochemical ablation with or without 
thermal effects, depending on the wavelength and energy used. These tissue 
interactions are discussed m earlier chapters. 
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Fig. 24-1. Light micrograph of human eye bank cornea incised with a Q-switched CO : 
laser. Smallest scale division is equal to 5 pm. (Hematoxylin and eosin; * 100.) (From 
Keates RH and others: Ophthalmic Surg 12(2): 117, 1981.) 


Historical Background 

Infrared Lasers 

; The continuous-wave (CVV) CO : laser emitting radiation at 10.6 pm was the 

first laser explored tor corneal surgery bv Fine and others 1 tn 1967. This laser 
was shown to be capable ot vaporizing corneal tissue, but the amount of energy 
required to create corneal incisions led to very significant charring and burning 

* of adjacent tissue. Beckman and associates' obtained less thermal destruction 
by pulsing the exposure, thereby causing less heat dissipation. In 1981 Keates 

i and associates* further decreased the total energy exposure by using a 

i Q-switched CO : laser and reduced the amount ot charring at the incision site 

to a zone 25 to 30 pm wide (Fig 24-1) Over the past several vears, however, 
investigators have abandoned the CO : laser tor corneal cutting in tavor of other 
infrared lasers, such as the HF laser and the Er:YAG laser, that emit radiatn 
in the 2.7- to 3.0-pm peak water absorption range, allowing for increased corn-, 
absorption and decreased thermal damage to adjacent tissue. Esterowitz and 

* others : ‘ reported the tirst use ot the ErAAG laser (2.95 pm) tor corneal ablation 
in 1986. In that same year Loertscher and others"' and Seiler and others* 1 dem- 

\ onstrated the ability ot the pulsed HF laser (2 7 to 3.0 pm) to vaporize corneal 

/ tissue and to produce sharp incisions with a l- to 15-pm-wide zone of thermal 

{ damage ( Fig. 24-2). 
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Fig. 24-2. Light micrograph of human eve bank cornea incised with a pulsed HF laser. 
The corneal epithelium was removed before irradiation (Hematowhn and eosin.) (Cour- 
tesy Hanspeter Loertscher, M S., Miami, Fla.) 


Ultraviolet Lasers 

Of all the lasers that have been evaluated recently, pulsed far-ultraviolet lasers 
appear to have the most potential for increasing the accuracy of standard corneal 
surgical procedures and tor expanding the corneal surgeon's armamentarium of 
techniques. The excimer laser-corneal interaction was investigated for the first 
time in 1981 by Tabaoda and others, ! ’ who studied the response of the corneal 
epithelium to the krypton fluoride (KrF 1 ) excimer laser (248 nm). In 1983 Trokel 
and associates* 21 achieved precise, sharply controlled cutting with the argon 
fluoride (ArF) excimer laser (193 nm). Krueger and others 31 " 2 demonstrated the 
possibility ot determining ArF excimer laser cutting width and depth to sub- 
micron accuracy according to pulse energy, pulse frequency, pulse numbers, 
and fluence. Each pulse has been shown to remove 0.1 to 0.5 |xm of tissue. 
Comparative histologic and ultrastructural studies ot the ArF and KrF excimer 
laser outputs demonstrated the superiority ot the ArF laser for corneal sur- 
gery. 21 The ArF excimer laser, as opposed to the KrF excimer laser, produced 
corneal photochemical ablation without thermal ettects within a broad range of 
fluences (Fig. 24-3).* All investigators ha\e commented on the highly localized 


•References 4, 21. 52, 68-70 . 88. U)^ 107 MO 
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tissue interaction, the preservation or the normai lamellar structure ot stromal 
collagen, and the minimal alteration or adjacent tissue obtained with the ArF 
excimer laser/ The ablated corneal tissue has been shown to be ejected at su- 
personic velocities,'" but deposition or electron-dense material at the wound 
edge has been noted in an extremely narrow zone iO 02 to 0.3 p.m wide) ^ rn4W lUM 

•References 3-6. 10 19 21. 24. 25. 30. 34. 38-40. 48. ^1, 52. 55. 5e. 68-70. 74, 75. 79/86. 88-90. 102- 
105, 107, 108. no. 115. 121. 129 



Fig. 24-3. Transmission electron micrograph of a human cornea 4 months after lamellar 
keratectomv with an ArF excimer laser Note the elongated basal cells of the epithelium 
(top), the prominent basal lamina, and the electron-lucent vacuoles (arrows) Some amor- 
phous granular ground substance can be noted above the area of ablated stromal tissue 
(arrowhead) (Copvnght Taunton Technologies. Inc . 1 Q 88.) 
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The presence of discontinuous!}' distributed deposits appeared to depend on 
the orientation of collagen lamellae at the time of irradiation' 118 (Fig. 24-4). Rem- 
nants of incompletely ablated epithelial cells or keratocvtes have been shown 
occasionally to impart a more continuous, pseudomembrane appearance to the 
wound edge 1 ’'*™" 8 1118 (Fig. 24-5). 

The Nd.YAG laser of the fifth harmonic (212 nm), another lar-uitraviolet laser, 
has also been reported to produce smooth corneal cutting, but most experimental 
and clinical investigations of laser corneal surgery have been pursued with the 
ArF excimer laser. Although ultraviolet-induced mutagenesis was an initial con- 
cern regarding the use of far-ultraviolet lasers, no mutagenesis has been detected 
in ArF excimer studies measuring anaplastic transformation in fibroblast tissue 
cultures’ 18 and unscheduled nucleic acid synthesis in regenerating corneas. 80 



Fig. 24-4. Transmission electron micrograph of rabbit cornea incised with an ArF excimer 

laser. Note the fluffy deposits (arrow) in a zone 0 02 to 0.08 p. m wide at the edge of 
stromal lamellae that are cut perpendicular to their direction. There is a dispersion of 
collagen tibnls (arrowhead) without deposits when the lamellae are cut parallel to their 
direction. (Original magnification, ^ 10.200.) ( From Serdarevic ON and others: Published 
courtesy of Ophthalmology [1988; 95 493-505] ) 
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Fig. 24-5. Transmission electron micrograph ot rabbit cornea incised with an ArF excimer 
laser Remnants of an incompletely ablated koratoevte furrouu impart a more continuous, 
pseudomembrane appearance to the wound edge. (Original magnification, v 8,300) 
(Photograph jointly produced with Y\os Pouliquen M D . and Michele bavoldelli, M S 
Paris, France.) 


CORNEAL SURGICAL APPLICATIONS 
Penetrating Keratoplasty 

l , Astigmatism is a significant problem after penetrating keratoplasty. Although 

■ corneal surgeons are becoming increasingly successful in maintaining clear 

I grafts, high and irregular astigmatism precludes satisfactory visual acuity in up 

to IQ C ' ; ( ot postkeratoplastv patients/' Despite advances in mechanical trephine 
design and suturing techniques, mean postoperam e astigmatism is reported * 
be between 3 and 5 diopters m large keratoplasty senes Imprec. 

trephination is considered a major factor in postkeratoplastv astigmatism/ Cur- 
rently available mechanical trephines cause varying amounts ot disparity be- 
tween donor button and recipient wound configuration. This disparity results 
from irregular cutting, corneal topographic distortion, and poor centration. 

i *Rek'rt‘nccs 12. 42, 77, SI. 82 84. 12.T 
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Experimental Studies 

In 1971 Beckman and associates* were the first to apply a laser experimentally 
for noncontact trephining in penetrating keratoplasty. They used a rapid-pulsed 
CO : laser combined with a diverging prismatic axicon lens and a focusing lens 
(Fig. 24-6). The optical system converted each laser pulse into an annulus, the 
diameter of which depended on the focal length used. Thev'were able to obtain 
perforation within 1 sec using a pulse energy of 0.4 J at a repetition rate of 60 
pulses per second. High-speed cinematography demonstrated that the anterior 
layers ot the cornea were being lased more rapidly than the posterior layers, 
resulting in a pyramid-shaped button with a smaller anterior than posterior 
portion. Optical system refinements to create more parallel sides were not pur- 
sued at that time, since the CO : laser produced significant corneal thermal 
damage, resulting in poorer quality cutting than that obtained mechanically. 

The recent availability ot laser systems permitting more precise cutting with 
less thermal damage led to renewed interest in laser trephination. In 1987 
Loertscher and associates. '■ working with the pulsed HF laser, and my associates 
and [, |[,s working with the ArF excimer laser, reinvestigated the feasibility of 
laser corneai trephination. 



Fig. 24-6. Schematic diagram ot the delivery system tor pulsed CO : laser corneai tre- 
phination. The "core'' of laser energy acts as an optical trephine'’ and removes a circular 
area of the cornea. (From Beckman H and other* \m I Ophthalmol 71.1277-1283, 1971. 
Published with permission trom The American lournal ot Ophthalmology. Copyright by 
The Ophthalmic Publishing Companv i 
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The "no-touch" trephine svstem used by Loertscher and associates consisted 
of a pulsed HF laser and optical system incorporating a modified axicon lens 
(Fig. 24-7). The diameter of trephination could be varied from 5 to 7 mm by 
altering the position ot the axicon lens. Corneal trephination (Fig. 24-8) with 
focal pertoration was achieved tn eye bank eyes in 7 to 9 sec using a laser output 
energy of 100 mj per pulse at a frequency of 10 Hz. Shadow photogrammetric 
analysis ot buttons trephined with the HF laser demonstrated that the edges 
were more vertical and parallel when compared with those of buttons trephined 
with some mechanical devices (Fig. 24-9). The laser induced less disparity be- 
tween tissue and trephine size than did suction and motorized trephines. 26 
Histologically, the wound edges compared favorably with those obtained by 
mechanical trephination; there was a lO-gm zone of thermal coagulation and a 
100-p.m zone of stromal lamellar disorganization (Fig. 24-10). The width of the 
excised annulus was 100 to 150 \xm. 

Using the ArF excimer laser, mv associates and I achieved noncontact corneal 
trephination that was distinctly more precise than that obtainable by mechanical 
devices. :1 ' S The delivery svstem included rotating circular slits that allowed for 
the pro]ection ot a hollow circular beam onto the cornea (Fig. 24-11). Depending 
on the thickness ot the cornea and the stability ot the eye, the exposure time 
until pertoration in one area (with the rest of the cornea trephined down to 
Descemet's membrane) varied from 30 sec to a few minutes when the fluence 
was 110 mj/cm : . Pulse energies at the cornea were between 4 and 6.6 mj, and 
the repetition rates were 15 and 20 Hz. The trephination diameter could be 
varied from 4 to 8 mm, depending on the distance of the cornea from the spherical 
lens. Complete visualization during trephination allowed for perfect centration 
with the helium-neon (HeNe) aiming beam. On microscopic examination (Fig. 
24-12), the excimer laser created a much more sharply defined, regularly cut 
edge in eve bank eves and in animal eyes in vivo than even the Hanna suction 
trephine, which is reported to create the most regular mechanical trephination. 77 
Thinner trephination sections were possible with less disruption ot tissue when 
the corneas were trephined with the laser rather than manually. Irradiated in* 
cisions as thin as U) urn were possible, but eye movements sometimes led to 
wider sections There was minimal alteration of surrounding tissue; deposition 
ot electron-dense material w as sometimes evident at the wound edges in an area 
onlv 0.02 to 0.08 g.m wide Scanning electron microscopic examination dem- 
onstrated less endothelial ceil loss and damage at the edge of Descemet's mem- 
brane after excimer laser trephination than alter manual trephination. On mor- 
phologic examination at b hours to 3 months after penetrating keratoplasty in 
an animal autograft model, there was no evidence of any latency or adverse 
alteration of wound healing processes, including cellular migration, prolifera- 
tion, and production ot nev\ tissue l Fig 24-13) 

Future Directions 

Laser trephination has nut vet been evaluated clinically Although improve- 
ment in trephination precision thooreticallv should decrease postkeratoplastv 
astigmatism, studies are necessarv to assess postoperative corneal curvatures in 
primates 
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Microscope 



Lens Axicon 



Fig. 24-7. Schematic diagram ot the delivery system tor pulsed HF laser corneal 
trephination An axicon placed between a focusing lens and its tocal plane converts each 
laser pulse into an annulus, which is tocused on the cornea. The diameter of the annulus 
(d) can be varied by adjusting the distance between the axicon and the lens (a). (From 
Loertscner H and others Am J Ophthalmol 104.471-475. 1987. Published with permission 
from The American iournal of Ophthalmology. Copyright bv The Ophthalmic Publishing 
Compam I 



Fig. 24-8. Slit lamp photograph ot a 3-mm diameter trephination produced in an eye 
bank e\ e using the HF laser trephine s^storn iTrom Loertscher H and others: Am J 
Ophthalmol 104.471-475, 1987 Published unh permission trom The American Journal of 
Ophthalmology Copvright bv The Ophth.ilmu Publishing Companv ) 
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Fig- 24-9. Shadow photographs of eve bank corneal buttons trephined with a HF laser 
(A) and a Hessburg-Barron suction trephine (B). The laser produces more vertical and 
parallel edges. (Courtesy Hanspeter Loertscher. M S , and D B Denham, Miami, Fla i 


j 



Fig. 24-10. Light micrograph ot HF laser-trephined cornea in an eve bank eye. There is 
a 10-p.m ^one ot thermal damage along the edges and a 100-M.m zone ot disorganization 
of the lamellar structure of the stroma. The endothelium is present. The epithelium was 
removed before irradiation (Hematoxylin and eosin.) (From Loertscher H and others: 
Am J Ophthalmol 104 471-475, 1987. Published with permission trom The American 
Journal ot Ophthalmology. Copyright by The Ophthalmic Publishing Company.) 



Fig. 24-11. Schematic diagram ot the rotating-slit delivery system for ArF excimer laser 
corneal trephination. ( From Serdarevic ON and others Published courtesy of Ophthal- 
mology, (1988: 95 493-505].) 



Fig. 24-12. Light micrographs of the corneal stromal edge in human eye bank eyes after 
trephination with an ArF excimer laser (A) and a Hanna suction trephine (B). Note the 
more regularly cut edge obtained with the laser. (Toluidine blue; original magnification. 
x40.) C, Transmission electron micrograph of human corneal stroma after ArF excimer 
laser trephination. The normal structure ot stromal collagen is preserved, (x 18.800.) 
D, Transmission electron micrograph of human corneal stroma after manual trephination. 
There is significant disruption of stromal lamellae t ■ 12,100.) (From Serdarevic ON and 
others. Published courtesy ot Ophthalmology [1 Q S8 g 5 493-505].) 
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Fig. 24-13. Representative micrographs of rabbit corneas after trephination with the 
excimer laser and resuturing ot the circular keratectomy. A, Light micrograph of the 
anterior portion ot the wound 6 hours postoperam elv showing epithelium (arrow) that 
is starting to slide over the wound edge Fibrin m-.\ and inflammatory cells < arrowhead ) 
are seen at the wound margin (Toluidine blue, original magnification, x40.) B, Light 
micrograph showing that epithelium covers the uound 5 da vs postoperatively. There 
is marked cellular proliferation in the uound site Line nbroblasts (arrow) are haphaz- 
ardly arranged and are producing new collagen Toluidine blue: original magnification, 
x40 ) C, Transmission electron micrograph ot the posterior aspect of a wound that has 
been reendotheliahzed 5 da vs post opera to ok \runaim rough endoplasmic reticulum 
(arrow) is seen m the active endothelium trut is . , rt~e»i/ing new Descemet's membrane 
(Original magnification, s 4780 1 1 1 mm -v -j.in ■ u \ and otners Published courtesy 
ot Ophthalmology [1988: 9? 4^t -^is| p 7 


Continued. 
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Fig. 24-13, cont'd. D, Light micrograph showing good scar formation 2 weeks post- 
operativelv with fibroblasts {arrow} m the mid-stroma starting to reorient themseiw 
parallel to the corneal surface. (Toluidine blue, original magnification, x40.) E, Trans- 
mission electron micrograph ot multilavered endothelium producing new Descemets 
membrane (DM) 2 weeks postoperative! v\ Normal interdigitating lateral cell boundaries 
(arrow), apical junctions ( ctrclc ), and apical folds (asterisk) are seen in the posterior en- 
dothelial layer (E). (Original magnification, - o800.) F, Light micrograph of anterior 
stroma 2 months postoperativelv m which fibroblasts (arroiv) are oriented parallel to the 
corneal surface. There is decreased cellularitv, and the fibroblasts are flatter, resembling 
keratocytes. (Toluidine blue, original magmncation, x 40.) G, Transmission electron mi- 
crograph showing hemidesmosomes (arete) and almost complete basal lamina (arroxu) 3 
months postoperativelv. (Original magnification, x 30,700.) 
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Fig. 24-13, cont'd. H, Light micrograph of posterior cornea 3 months postoperativelv 
showing small cellular infiltrate (arrow) anterior to Descemet's membrane (D). which has 
increased to almost normal thickness. (Toluidine blue; original magnification. x40.) 


It is not clear at the present time which delivery approach would be optimal. 
Both delivery systems that have been developed could be used with the same 
type ot laser and allow tor almost simultaneous 360° corneal irradiation. A system 
that could rotate a single point source 360° would not be feasible, because ex- 
posure time would be too prolonged and corneal topography would be altered 
by incising one portion ot the cornea before another. Both existing delivery 
systems, nevertheless, require technical refinements. A device to achieve micron 
stabilization ot the eve or an optical tracking system to allow the laser to follow 
ocular movements would increase trephination accuracy with thinner, more 
uniform incision widths and shorter exposure times. Improving the homogeneity 
of the laser beam and removing lens irregularities would further increase the 
uniformity of trephination depth 

The advantages ot using a tar-ultraviolet laser versus a mid-infrared laser for 
corneal trephination m penetrating keratoplasty are still theoretic. A possible 
advantage ot the HF laser is its taster trephination rate. Even with increases in 
the repetition rate that could decrease exposure time tor ArF excimer laser tre- 
phination and still allow for excellent-quality cutting, the speed of excimer laser 
trephination would be slower than that of HF laser trephination. If an effectiv e 
ocular stabilization device or optical tracking s\ stem were to be developed, this 
exposure time differential might prove to be insignificant. Some researchers had 
voiced concerns that the smoothness or the ArF excimer laser incisions might 
lead to latency in the early phases ot wound healing and that the condensed 
material at the irradiated wound edge m:uht impede diffusion ot chemical mark- 
ers and inflammatory cells, " but morphologic studies ot wound healing after 
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ArF excimer laser corneal cutting did not demonstrate any adverse alteration of 
wound healing processes 1,9 In addition, preliminary animal studies did not 
show statistically significant differences in the strength of wounds 3 weeks after 
incisions with a metal blade, the HF laser, and the ArF excimer laser.* 

Of all laser and mechanical systems evaluated to date, the ArF excimer laser 
creates the most precise and regular trephined edges, the thinnestTncisions, the 
least distortion ot corneal tissue, and the least endothelial cell damage; this fact 
suggests that it should be the laser of choice for corneal trephination. 

Decreased donor-recipient size and shape mismatch with the resulting im- 
proved donor-recipient wound approximation should aid the corneal surgeon 
in obtaining better postkeratoplastv visual results, but trephination imprecision, 
although a major tactor, is not the only one causing postkeratoplastv astigmat- 
ism. Recipient corneal disease affecting curvature, thickness, and elasticity is 
another important factor. Advances in corneal imaging and modeling systems 
now offer the possibility tor real-time analytic evaluation of corneal structure 37,49 
(Fig. 24-14). Technologic developments using holographic interferometry enable 
calculation ot stress lines within the cornea. 1 109 High-precision analysis of re- 
cipient corneal parameters would facilitate intraoperative determination of the 
ideal donor button shape and size to correct for preexisting astigmatism. A 
distinct advantage ot laser versus mechanical trephination would be in allowing 
for precise, noncircuiar trephination of any shape to match these desired pa- 
rameters. 

If the objective ot intraoperative correction of astigmatism were to be realized, 
the problems ot suture-induced astigmatism and irregular wound healing also 
would need to be addressed. Pharmacologic agents, such as growth factors, are 
being investigated for their ability to accelerate wound healing processes and to 
allow tor earlier suture removal and less wound healing variability. 71 127 Ide- 
ally, such pharmacologic agents would be combined with a corneal adhesive 
that would obviate the need for sutures and eliminate suture placement and 
tightening errors. 


F- 



Lamellar Keratectomy and Keratoplasty 

" 1 Lamellar keratectomy and keratoplasty are performed for optical, therapeutic, 

and tectonic purposes. Optical indications tor lamellar surgical techniques in- 
,i elude central opacification and surface irregularities resulting from anterior cor- 

- neal dystrophies, Salzmann's nodular degeneration, spheroid degeneration, 

band keratopathy, posttraumatic scars, and postinfectious leukomas. 2 :tI 28 92 Ther- 
apeutic lamellar keratectomy with or without a lamellar graft is useful in the 
management of pterygium, squamous cell carcinoma, epithelioma, and Moor- 
en's ulcer. 2 21128 In tungal keratitis unresponsive to medical therapy, lamellar 
keratectomy can be helpful as a debulking procedure to remove fungal plaques 
or infiltrates and allows tor deeper penetration ot topical antimycotic medica- 
tions.* 7 Lamellar keratoplastv usually is contraindicated in corneal infections, 
since the extent of corneal involvement is difficult to ascertain and a lamellar 
; graft could prevent adequate penetration ot topical antimicrobial therapy for 

eradication ot underlying residual organisms " Tectonic lamellar grafts are used 
1 1 to repair areas of corneal thinning or peripheral corneal perforations. 2 20,28 

Lamellar keratoplasty has been used with decreasing frequency over the past 
\ ; few decades, since meticulous stromal dissection is required to prevent irreg- 

■ ularities and scarring. 2 211 28 1,2 Even when corneal disease does not involve the 
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endothelium, penetrating keratoplasty otten is performed instead of lamellar 
keratoplasty, because many surgeons attain better visual results with the former 
procedure. Lamellar keratectomy and keratoplasty generally are per- 
formed using traditional techniques consisting ot mechanical trephination and 
stromai lamellar dissection with a blade or spatula. Control ot dissection can be 
challenging in heavily scarred, necrotic, or vascularized corneas. In skilled 
hands, an electromechanical microkeratome allows for a smoother, more regular 
keratectomy surface. M However, loss of suction or imperfect positioning of the 
microkeratome or perilimbal suction ring results in an irregular keratectomy and 
possible corneal perforation. Moreover, the microkeratome follows the irregu- 
larity of an astigmatic corneal contour and, in such cases, causes the keratectomy 
surface to be astigmatic/ 2 




Fig. 24-14. A, Dioptnc map of a normal cornea from the apex to the limbus. B, Topo- 
graphic model of a normal cornea with multiple ^ tons sections to show pachvmetry. 
(From Gormlev DJ and others Corneal rruKielmk* cornea !“<1) 30, 1988.) 
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Experimental Studies 

In 1984 my associates and I 1 ' 7 were the first to apply the ArF excimer laser 
for therapeutic lamellar keratectomy. We chose an experimental fungal keratitis 
model to evaluate the potential ot the excimer laser tor creating a precise, con- 
trolled lamellar keratectomy in an inflamed, necrotic cornea. Rabbit corneas with 
Candida albicans tungal lesions 2 to 5 mm in diameter were irradiated with the 
excimer laser at energy densities varying trom 300 to 330 mj/cnrr. Both ArF and 
KrF laser outputs were evaluated at pulse rates of 10 and 20 Hz, respectively. 
The laser beam was tocused through circular slits and masks, and the exposure 
time ranged from 30 to 90 sec, depending on the depth (between one half to 
nearlv the tull thickness ot the cornea) required to remove ail clinically visible 
infiltration { Fig, 24-15). The ArF excimer laser treatment achieved sterilization 
on culture examination and histopathoiogicallv in all corneas, whereas the KrF 
excimer laser treatment was not successful in eradicating infection compared 
with untreated controls. The ArF excimer laser was effective, probably because 
infected tissue was removed totally by photochemical ablation. The precise la- 
mellar keratectomv obtained with the ArF excimer laser was shown to heal with 
minimal scarring that became less visible with time, so that the cornea was 
almost completely dear after 4 months < Fig. 24-16). 

The tact that the cornea healed without surface irregularities and with almost 
no scarring after ArF excimer laser deep lamellar keratectomy for tungal keratitis 
led to intensive investigation ot this unique lameilar procedure/ Ultrastructural 
studies in eve bank eves confirmed the smoothness of the ArF excimer laser 
keratectomy beds that had perturbations of less than l nm as compared with 
the rough undulations greater than 10 fj.m observed in the uneven and distorted 

•References 10. 14 2=v 30, 34 38-40. 48 -5 5t>. 58a. 5nb. t>5, 88, 74, 7?, 79, 86, 90. 124, 129. 



Fig. 24-15. A, Cmufufa n/Fionts keratitis 2 dnvs alter inoculation B, Cornea immediately 
after treatment withan ArF excimer laser. { From berdarevte ON and others- Am I Ophthal- 
mol 99-534-538, 1985. Published with permission trom l he American Journal ot Oph- 
thalmology Copyright by The Ophthalmic Publishing Lompanv i 
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Fig. 24-16. Rabbit cornea that is almost transparent 4 months alter treatment with an 
ArF excimer laser tor tungal keratitis. ( From Serdarevic ON and others: Am J Ophthalmol 
99:534-533, 1985. Published with permission trom The American Journal of Ophthal- 
mology Copyright bv The Ophthalmic Publishing Company.) 


keratectomy beds obtained by freehand dissection. 4tf No significant endothelial 
damage occurred when corneal ablations were performed more than 40 p. m 
away trom Descemet's membrane. 68 Wound-healing studies in nonhuman pri- 
mates demonstrated that, despite the ablation of Bowman's membrane, smooth 
epithelial resurfacing ot the keratectomy bed occurred with the production ot 
normal-appearing epithelial attachment complexes/ 8 There was minimal alter- 
ation ot the anterior cornea stroma at low fluences; superficial stromal vacuoles 
containing remnants or degenerating collagen tibers were observed within and 
between lamellae extending 10 to 15 p.m beneath the basal membrane of epithelial 
cells in the keratectomy beds. Stromal reorganization and eventual disappear- 
ance ot the vacuoles were noted during the healing process. The corneas were 
clear on slit lamp examination, and the anterior stroma was well structured 
microscopically at 8 months following keratectomy/ 8 The degree of corneal scar- 
ring has been noted to be related to the uniformity of energy distribution m the 
treatment beam/" 1:4 
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Clinical Studies 

i [ Successful ArF excimer laser clinical treatment ot corneal ulcers in France was 

| ' reported m 1987, but published data are not yet available. Seiler has used the 

! ArF excimer laser in Germany to smooth the corneal surface after pterygium 

| ; excision by irradiating through an appropriate-size slit in a polymethylmethac- 

rylate mask that was held in place over the eye by a suction ring. A thin layer 
ot viscous fluid was applied to fill the corneal "valleys" and allow the laser beam 
to ablate progressively the corneal "peaks" to the level of the liquid until a 
smooth surface was obtained. 10 

Future Directions 

On the basis ot studies to date, it seems feasible to use the ArF excimer laser 
for lameilar keratectomy tor all the indications tor which conventional surgical 
keratectomv is performed presently. Nevertheless, this laser's exact clinical role 
remains to be determined. Better and more predictable visual results would 
expand the application ot lamellar keratoplasty in cases of anterior corneal dis- 
ease where penetrating keratoplasty is performed currently, so that the higher 
rejection rate ot penetrating graft and the complications ot intraocular surgery 
could be avoided. The corneal claritv and lack ot surface irregularities achieved 
\ with ArF excimer laser keratectomv suggest the possibility of performing only 

a keratectomy in cases where, with conventional techniques, both a lamellar 
keratectomv and gratt are necessary' in order to retain Bowman's membrane. If 
a lamellar gratt were needed because of structural weakening of the cornea, it 
- could be prepared with the ArF excimer laser. The tremendous advantage of 

[ preparing either the lamellar keratectomy bed or lamellar graft with the ArF 

; excimer laser is that this laser not oniv could produce a very precisely controlled, 

smooth surface, but also could sculpt the cornea to directly change the corneal 
contour and correct retractive errors. The potential of performing nonuniform 
lamellar keratectomies for retractive indications has engendered enormous in- 
i terest; therefore most recent experimental and clinical studies of ArF excimer 

laser large-area corneal ablation have been undertaken with the nonuniform 
rather than the uniform lamellar keratectomy model. 

Nonuniform Lamellar Refractive Keratectomy and Keratoplasty 

Although lamellar retractive surgery has been performed since the 1960s and 
has been modified with improved results over the past three decades, its clinical 
indications and acceptance remain limited because of variable visual results, 
slow visual rehabilitation, corneal complications, or technical difficulty.* Auto- 

* References 14-16 53.98.99, 111-114 1 25. 150 
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plastic lamellar procedures in which the anterior portion ot a patient's cornea 
is removed, reshaped, and then replaced in the corneal bed include keratomi- 
leusis (KM) and planar lamellar retractive keratoplasty (PLRK). Homoplastic 
lamellar procedures in which a donor cornea is reshaped and either sutured 
onto the tront surtace ot the patient's deepithehalized or keratectomized cornea 
or placed intrastromally include KM, PLRK, keratophakia (KF), and epikerato- 
phakia. In alloplastic lamellar keratophakia a synthetic lenticuie is placed into 
an intrastromai pocket or between the patient's excised anterior cornea and 
keratectomized bed and modifies the cornea's refractive power either by altering 
the anterior corneal curvature, as in other lamellar procedures, or by increasing 
the stromal refractive index. 

Lamellar retractive surgerv generally is indicated only for high mvopia, high 
hyperopia, aphakia, and keratoconus; but, whenever possible, these conditions 
first are treated nonsurgicallv with spectacles or contact lenses or, in the case 
of aphakia, surgically with intraocular lenses. Lamellar retractive procedures 
require a high degree of accuracy in corneal carving. However, with current 
cryolathing techniques, the ability to precarve lenticules that result in the desired 
refraction in KM and KF is still not at the level ot contact lenses or intraocular 
lenses; the accuracy usually is within -2 diopters. :i: 1:5 There is a 1-diopter 
change in refraction tor everv lO-gm change in thickness. In autoplastic pro- 
cedures intraoperative crvolathing can lead to lathing errors of the order of 
microns that cause greater inaccuracy or possible perforation of the lenticuie, 
necessitating donor tissue. The microkeratome used for lamellar dissection in 
KM, PLRK, and KF and for preparation of the lenticuie m PLRK is less precise 
than the crvolathe. l!; The microkeratome often produces too thin, too thick, 
or irregular sections, thus contributing to inaccuracy in dioptric power and 
producing irregular astigmatism and interface scarring. m m 

Corneal freezing or Ivophilization in KM, KF, and epikeratophakia induces 
fractures ot Bowman's membrane, kills keratocvtes, and alters collagen interfi- 
brillar distance and fiber structure 111 *'* 1 ' 0 ; this damage often results in slow 
visual recovery and corneal complications due to prolonged or incomplete heal- 
ing. Although PLRK eliminates treeze-induced damage, the accuracy of this 
technique may not match that ot crvolathing, " and retention of cellular 
viability in donor tissue mav contribute to rejection. The recent introduction ot 
Moist-Pak storage, rather than Ivophilization, ot epikeratophakia lenticules al- 
lows tor retention ot stromal glycosaminoglvcans, taster repopulation of kera- 
tocytes, and less tissue swelling and may lead to taster corneal clearing and 
fewer epithelial problems 

Alloplastic lamellar procedures avoid the complications associated with donor 
tissue but are still investigational. Thin thermoplastic materials are easy to im- 
plant into an intrastromai pocket but are water impermeable and cause nutri- 
tional problems. : Thicker hvdrogel implants are highly water permeable but 
require a microkeratome resection tor insertion and, because ot their compress- 
ibility, may result in unpredictable results 
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Attachment problems are another source ot inaccuracy in lamellar procedures. 
Suturing is necessarv in all these procedures and can lead to twisting and bend- 
ing ot the lenticule or anterior lamella. Direct mechanical reshaping of the corneal 
surtace to avoid problems related to donor and synthetic lenticules and lenticule 
attachment has been attempted but has not been pursued because of inadequate 
control of tissue removal with mechanical devices.'"* 1 ~~~ 

Experimental Studies 

Direct nonuniform lamellar refractive keratectomy. In the course of their 
studies ot umtorm lamellar ArF excimer laser keratectomies, Marshall and 
others"* noted significant photokeratoscopic changes even after very shallow 
ablations and suggested correcting retractive errors by varying the energy dis- 
tribution in the laser beam tor precisely controlled removal of a thin layer of 
corneal tissue on a microtopographic basis. 

In 1987 McDonald and others,^ 1 Hanna and others, ' and Renard and others' 0 
were the first to report results of nonuniform lamellar keratectomies performed 
for myopic correction by two different prototype ArF excimer lasers. Both sys- 
tems were designed to decrease central corneai curvature and thus to decrease 
central corneal retractive power by ablating the most tissue centrally and pro- 
gressively tapering the ablation to zero toward the edge. The amount and shape 
of tissue ablation required for correction ot myopia has been determined on the 
basis of mathematic analyses' 1 ' (Fig. 24-17). 



Fig. 24-17. Maximum depth of a cut calculated trom an equation tor myopic correction. 
Each line represents the depth ot the tut on the optical au> ror a i^iven-size treatment 
zone. (From Munnerlyn CR. Koons Si and Marshall I I Cataract Refract Surg 14:46, 
19884 
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In the delivery system evaluated by McDonald and others' 1 the laser beam 
was shaped by a diaphragm that progressively closed across the cornea based 
on a computer program to varv energy distribution in time, rather than in the 
laser beam itselt, as suggested by Marshall and others Initially the diaphragm 
was controlled manually to create multiple stepped lesions. Better wound heal- 
ing was noted when smaller steps and less sharp edges were produced, since, 
as several investigators have observed, irregularities and steep steps at the sur- 
face induced epithelial healing in multiple lavers ot varying thickness and 
marked subepithelial infiltration. 1 1 74 As the homogeneity of laser energy 
distribution was increased and as computer control allowed for increased 
smoothness and rapidity of diaphragm closing, improved optical clarity and 
dioptric correction were attained.” In the initial nonhuman primate series, there 
was significant corneal scarring and no significant dioptric change in refraction; 
but atter refinements in the delivery system, all corneas were reported to remain 
clear postoperativelv and significant dioptric corrections were achieved without 
regression over a 6-month period. McDonald and others 7 " have noted, though, 
that even the scarring observed initially in the earlv studies cleared with time 
as the stroma remodeled. 

Hanna and others'"'' 14 developed a rotating-sht delivery system (Fig. 24-18) 
tor nonuniform lamellar keratectomies that could be used tor the correction of 



Fig. 24-18. Schematic diagram of the rotating-slu delivery svstem for ArF excimer laser 
nonuniform lamellar keratectomv tor mvopic correction (From Hanna KD and others: 
Arch Ophthalmol 106*245, 1988. Copvnghi l g 88 American Medical Association.) 
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mvopia, nvperopia, and mvopic and hyperopic astigmatism. They attempted to 
improve surface regularity by avoiding damage, possibly due to shock waves, 
that can occur when too manv laser pulses are delivered at a high repetition 
rate to the same area too rapidlv. The laser beam was shaped by a slit rotating 
at 0.033 Hz that, because each pulse was of 23-ns duration, was effectively 
stationary during each pulse but shifted to another area with subsequent pulses, 
thereby allowing less energy to dissipate from the corneal surface between 
pulses. The shape ot the sht was determined mathematically so that, for myopic 
correction, the central part ot the ablated zone would be deeper than the pe- 
ripheral part (Fig. 24-19) and, for hyperopic correction, the peripheral part of 
the ablated zone would be deeper than the central part. The slit was rotated 
manv times to produce a smooth ablation profile with 4.5 mj per pulse delivered 
to the cornea at a repetition rate of 20 Hz. The fluence at the cornea was about 
200 m) cm : . Astigmatic correction could be obtained by varying the laser rep- 



Fig. 24-19. Keratographs betore and after nonumform lamellar keratectomy for myopic 
correction with an ArF excimer laser. Top /off. Before treatment, central mires are rea- 
sonably regular and round. Top right. Image analysis of the keratograph before treatment 
gives the surface power of the cornea, with an average central reading of 42.90 diopters 
and a gradual decrease of about 10 diopters Bottom tctt Keratograph after treatment 
shows larger-diameter circles centrally because of flatter cornea. Irregularity in rings 1 
through 3 interiorly is surface artifact Bottom Image analysis of the keratograph 

after treatment demonstrates a surface power centrally of 37 85 diopters with general 
steepening m the outer rings. ( From Hanna KD and others Arch Ophthalmol 106:245, 
1988. Copyright 1988, American Medical Association ) 


Photovaponzation, Photoaisruption ana Photoaoiative Decomposition Lasers 


etition rate with the angular position ot the slit so that the ablation profile could 
vary with the mendian. Recent modifications of the svstem have allowed for 
computerized calculation and control of ablation 

On light microscopic and uJtrastructural examination ot human eye bank 
corneas, Renard and others' 1 ' and Hanna and others"' 14 noted the smoothly 
sloping surface produced during ablation using the pratile for myopic correction 
( Fig. 24-20). Because epithelial ceil nuclei were observed to resist ablation more 
than the cytoplasm ( Fig. 24-21), and because the epithelium required more laser 
energy than the stroma, the epithelium subsequently was removed routinely 
before laser treatment. Following laser ablation, most of the rabbit corneas re- 
mained clear, but slight scarring became visible on slit lamp examination in a 



Fig. 24-20. A, Scanning electron micrograph of cornea with full-thickness ablation using 
a profile for myopic correction shows an edge ot cut epithelium i upper arrow) and the 
concave slope surface leading to the central endothelial pertoration t hirer arrow). (Origina 
magnification, x20.) B, Light micrograph ot human cornea atter nonuniform lamellar 
keratectomy for myopic correction, demonstrating the gradually sloping surface that 
extends from the epithelium <£J througn Bowman s membrane (BJ down toward the 
stroma (5). (Toluidine blue; original magmtication. x 130). (A from Hanna KD and others: 
Arch Ophthalmol 106*245, 1988, courtesv Gilles Renard. M.D., Fans, France. Copyright 
1988, American Medical Association B and C courtesv Gilles Renard. M.D., and Michele 
Savoldelli, M.S., Pans, France.) 
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» d ' ^J ranSm,SS, ° neleCtr0n m ' Crographofablated humancom M‘ stroma 

S>. Note the minimal disruption of collagen fibrils. A thin, discontinuous, electron-dense 

layer is slightly detached from the stroma (arrow). (Original magnification, x 14,500.) 



, ? Cannmg e ‘ eCtr0n m,Cr °S ra P h of ArF «««"« laser-ablated human corneal 
epithelium showing the rounded, protuberant appearance of the nuclei that resisted 
a a ion more than the cytoplasm. (Original magnification, x 400.) (From Hanna KDand 
others: Arch Ophthalmol 106:245. 1988: courtesv Giles Renard, M.D., Paris, France 
Copynght 1988, American Medical Association i 
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Fig. 24-22. A, Transmission electron micrograph ot rabbit cornea 3 months alter A: 
excimer laser nunumtorm lamellar keraieUorrn ixr m\opic correction, demonstrating; 
normal hemidesmosomes (Anon and ba^al lamina .*»v;r* B, Light micrograph ot rab- 
bit cornea that remained clear lor 3 months alter ^urtace ablation. The epithelium (E) 
is layered normally The stromal kerau*\tcN . are normal in number and appear- 
ance. (Toluidme blue; original magnification c ourtcsv ^\es Pouliquen, M.D., 

and Michele Sayoldelli. M S . Paris. 1 ranee 
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Fig. 24-22, cont'd. C, Light micrograph of rabbit cornea that demonstrated some corneal 
scarring on slit lamp examination 3 months atter surtace ablation. Note the increased 
number of keratocvtes (arrow) and disorganized stromal collagen (boxed! (Toluidine blue; 
original magnification, *40.) D, Transmission electron micrograph ot slightly scarred 
rabbit cornea 3 months postoperati\el\ showing active subepithelial keratocvtes (K) and 
disorganized new collagen (asterisk) 
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few cases. Corneas that remained clear demonstrated normal hemidesmosome 
and basal lamina formation and minimal fibroblastic proliferation and activity 86 
(Fig. 24-22, ,4 and B). Although fibroblasts were noted to show signs of activity 
at all layers of the stroma tor 3 months postoperativelv, there was no evidence 
of fibroblast secretory products or new collagen deposition. In the corneas that 
developed some scarring, however, there was reduplication of basal lamina and 
fibroblastic activity with new collagen production' 1 ' (Fig. 24-22, C and D). 

Short-term endothelial cell alterations, probably due to acoustic or shock 
waves, have been observed." 6 1:9 Pouliquen has noted that tollowing laser abla- 
tion of the stroma to any depth, endothelial cells developed vacuoles within the 
first 24 hours that persisted for up to 3 days; endothelial ceils also showed signs 
of activity with eariv accumulation of electron-dense material in intercellular 
spaces and at the edge of the endothelial side of Descemet's membrane (Fig. 
24-23, A). Although gap and tight junctions appeared intact, this material may 
have resulted from cytoplasmic exudation following small cellular junction rup- 
ture or from hyperactive endothelial cell secretions during the early postoper- 
ative period. 87 Pouliquen,' 4 * Burstem. 1 * and Caster and others 14 have observed 
anterior migration of this material with time (Fig. 24-23, B) The rabbit corneal 
endothelium is known to be much more reactive than human endothelium; 
therefore the clinical significance ot these findings remains to be determined. 

Other ArF excimer laser prototypes for nonuniform lamellar refractive kera- 
tectomies have been developed more recently using apertures on a rotating disc 
for myopic, hyperopic, and astigmatic correction" 5 " 6 '"** 1 ** and axicon lenses for 
hyperopic correction. 1 " 

Preparation of lenticules for lamellar refractive surgery. In 1987 Lieurance 
and others 7 and Hanna and others'" evaluated the teasibilitv ot using the ArF 
excimer laser tor preparation ot lenticules trom nontrozen tissue for lamellar 
refractive surgerv. 

Lieurance and associates cut epikeratophakia lenticules trom human eye 
bank corneas that had been stored in McCarev-Kautman medium. The convex 
epithelial surface ot the donor cornea was held by capillarv attraction against 
the concave surface ot a sintered glass mold that had been shaped to produce 
a lenticule ot the desired dioptric power. The ArF excimer laser was focused 
along the horizontal base ot the mold, which was rotated on a turntable at 5 
rpm to ablate ail corneal tissue outside the concave surface of the mold. The 
energy levels were 15 to 30 I cm : , and the exposure time varied from 2.5 to 4 
min. The cut surtace ot the lenticule was smoother on scanning electron micro- 
scopic examination than that obtained by crvolathing (Fig. 24-24). Light and 
transmission electron microscopic examination demonstrated intact epithelium. 
Bowman's membrance, keratoevtes, and stromal collagen { Fig. 24-25). The len- 
ticules that were grafted onto rabbit eves were clear in the first week after surgery, 
and there were no epithelial abnormalities or haze at the graft-host interface. 

Hanna and associates, " " in a keratomileusis-like procedure, reshaped v. *■ 
the ArF excimer laser, instead ot with the crvolathe, the stromal surface oi 
anterior portion ot a fresh e\e bank cornea that had been resected with the 
microkeratome. The resected disc was placed on a concave suction punch block, 
and the stromal surtace was ablated more centrallv than peripherally, in a myopic 
profile, by the ArF excimer laser beam, which was shaped by a rotating slit as 
already described. The energy parameters were the same as those used for direct 
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F ^ u 24 -23. A, Transmission electron micrograph of active endothelium beneath an area 
of rabbit cornea that had undergone ArF excimer laser nonuniform lamellar keratectomy 
-4 hours earlier. The rough endoplasmic reticulum is dilated (arrozv/. There is an accu- 
mulation of electron-dense material (boxed) at the edge of Descemet's membrane. 
B, Transmission electron micrograph of normal-appearing endothelium <E) 7 days post- 
operatn el\ \ote the electron-dense material farron*; that has migrated anteriorly through 
Descemet s membrane. (Courtesy \ves Pouhquen. M D , and Michele Savoldelli, M.S., 
Paris, France ) 





Photovaporization, Photodisruption and Photoamatn e Decomposition Lasers 



Fig. 24-24. Scanning electron micrographs ot human epikeratophakia lenticules obtained 
by ArF excimer lasing (top) and crvolathmg < bottom u The posterior surface ot the laser- 
cut lenticuie is much smoother. < x 80.000 1 { From Lieurance RC and others: Am J Ophtbuv- 
mol 103*475-476. 1987; courtesy David Schanzlin \1 D., St. Louis, Mo. Published -a ■ 
permission from The American journal ot Ophthalmology Copyright bv The Ophthalmia 
Publishing Company.) 
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tion 4 months postoperativelv (Fig. 24-27). 6 ^ 
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Fig. 24-26. A, Slit lamp photograph of the seventh human eye to be treated with the 
ArF excimer laser before nonuniform lamellar keratectomy for mvopic correction. B, Slit 
lamp photograph 4 months postoperattvelv demonstrating central corneal flattening. C, 
Four months postoperativelv, the cornea appears clear with direct illumination. Slight 
subepithelial fibrillar haze is visible onlv on slit beam examination. (Copyright @ Taunton 
Technologies. Inc . courtesv Darnel \1 Tavlor, M.D., New Britain. Conn ) 


Future Directions 

The ArF excimer loser holds great promise tor bringing about important ad- 
vancements in retractive surgerv Results to date suggest that direct nonuniform 
lamellar retractive surgerv with the ArF excimer laser may prove to be clinically 
effective. This procedure appears to allow' tor optical claritv and good wound 
healing without Bowman s membrane, if the laser-ablatecf surface is smooth 
enough, without sharp edges, and with a gradual enough change in curvature. 
However, turther studv or the interactions between the tear tilm, corneal epi- 
thelium, and keratocvtes during wound healing after surface ablation is nec- 
essary. If refinements m the optical svstem were to be insufficient for reproc- 
uciblv preventing all but an opticallv insignificant amount ot subepithelial ker- 
atocvte response and tibrosis, as well as ot epithelial hvperplasia. pharmacologic 
agents to modify wound healing w ould need to be investigated. Collagen shields 
that have been tound to accelerate epithelial wound healing with concomitant 
decreased stromal edema and decreased hbroblastic reaction after diamond knife 
incisions 1 may be a first step in 'his approach f ihronectm and growth factors 
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Fig. 24-27. A, Preoperative slit lamp photograph of a human eye with corneal leukoma. 
B, Slit lamp photograph showing corneal flattening 4 weeks after ArF excimer laser 
nonuniform lamellar keratectomv performed superior to the leukoma. There is a trace 
fibrillar haze at the epithelial-stromal interface. C, Transmission electron micrograph of 
the cornea with slight haze 4 months postoperativelv. Note the active subepithelial ker- 
atocvtes (arrows) and disorganized collagen (arroichead). (Copyright ^ Taunton Technol- 
ogies, Inc ; A and B also courtesv Daniel M TaWor, M.D., New Britain, Conn.) 


that would accelerate epithelial resurfacing and thereby decrease the exposure 
of keratocvtes to inflammatory stimuli in the tear film also mav be beneficial in 
decreasing subepithelial scarring if the degree to which these agents themselves 
would activate keratocvtes proves to be minimal. The ettect of antiinflammatory 
agents also remains to be determined. 

Technical refinements are necessary to improve the uniformity of laser energy 
ablation. According to Munnerlvn and others. lJ there are three primary laser 
beam characteristics that should be considered the total beam energy, the ac- 
curacy of the beam profile, and the level ot high-trequencv spatial irregularity. 
Munnerlvn and others' 1 suggested that approaches to enhance ablation uni- 
formity include spatially averaging bv rotating the laser beam between pulses 
and decreasing the repetition rate. The optimal tluence tor retractive surgery is 
still not known. Recent work has shown that surface smoothness can be im- 
proved by increasing the fluence above currentlv emploved levels. 10 
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, If the patient is to benefit from the ArF excimer laser's cutting precision of 

0.1 p.m, a better iaser-eye coupling system, such as optical tracking, would need 
to be used rather than the currently employed suction ring. 

Although advanced corneal imaging and modeling systems that integrate 
photokeratoscopv and slit lamp image analysis could be used in laser procedures 
such as trephination, modifications in these systems or alternative methods of 
intraoperative, real-time corneal structure measurement and analysis would be 
1 1 necessary tor direct laser lamellar procedures because of strong light scattering 

from the laser-ablated surface. Gormlev 36 has suggested placing viscoelastic fluid 
over the ablated surface to reduce light scattering. This modification would allow 
postkeratectomy measurement but would not permit real-time evaluation during 
ablation. The success ot direct laser ablation for refractive purposes would be 
contingent on accurate calculation of refractive results after wound healing. 
Therefore advances m computer corneal modeling, as proposed bv McCarey 
’ and Hanna, would be required for determination of surgical results by pre- 

operative surgical simulation. 

If these requirements were to be realized, safe, precise, predictable, and re- 
liable laser correction of an extended range of refractive errors would be possible. 
Although preliminary results ot studies in nonhuman primates using a very 
homogeneous beam have shown stability ot dioptnc correction up to 6 months 
i postoperativelv," further studies are necessary to verify long-term stability. 

However, even then, some patients with too-thin corneas, as in keratoconus, 
j would be unable to profit from the direct nonuniform lamellar refractive kera- 

* tectomv technique. In these cases, until a time when synthetic epikerato- 

■ ,, phakic lenticules that could be attached with an adhesive would be available, 

j the ArF excimer laser could be used for more precise preparation of donor 

lenticules 

jRefractive Keratotomy and Keratectomy (Noncentral Incisional 
land Excisional Techniques) 

* Refractive keratotomv and keratectomy procedures that are performed in the 
midperipnerai and peripheral cornea have been designed to correct myopia, 
hvperopia, or astigmatism bv alteration ot the central corneal curvature. These 
techniques consist ot various patterns, numbers, lengths, and depths of radial, 
parallel, transverse, and arcuate incisions and excisions. Sutures sometimes are 

I used to compensate tor or to enhance the effects ot corneal relaxing incisions 

] or to approximate wound edges after corneal excision. Radial keratotomy for 

, the correction ot mild and moderate mvopia is the most frequently performed 

refractive procedure. Depending on the amount of correction desired, four or 
more deep radial incisions are made trom the edge of the optical zone, which 
is between 3 and 4.5 mm in diameter, to the limbus. The radial incisions cause 
i the midperipheral and peripheral cornea to weaken and bulge outward, therebv 

flattening the central optical zone and relatively steepening the midperiprv ■ 
j zone.’ Hexagonal keratotomv has been recommended for the correction v 

f mild hvperopia. It has been theorized that a 360 3 uninterrupted circumferential 

incision in the midperipherv destabilizes the central cornea, thus causing it to 
■ bow forward and steepen ' 

In all keratotomy procedures tor the correction ot astigmatism, the cornea is 
incised in the steepest meridian Multiple parallel or grouped radial incisions 
I , 

5 ■ 
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extending from a central optical zone have been advocated for the correction ot 
mild myopic astigmatism, since midpenpherai corneal bulging in one mendian 
leads to a greater central corneal flattening in that meridian than in other me- 
ridians. 1 * Symmetric transverse midperipheral incisions are performed to correct 
mild and moderate astigmatism. Transverse incisions transect corneal collagen 
bundles, leading to meridional corneal flattening. 11 4359 Increased astigmatic cor- 
rection has been achieved with multiple transverse incisions 11 ;y or arcuate in- 
cisions. - The amount ot spherical equivalent correction after these proce- 
dures has been shown to be related to the length of the transverse or arcuate 
incision because ot a coupling effect; incising the steeper mendian circumfer- 
entially not only causes it to flatten, but also causes the flatter mendian 90° awav 
to steepen. Therefore myopic or hyperopic astigmatism can be corrected, de- 
pending on the chosen incisions and optical zone. 13 " 9 For moderate and high 
astigmatism, transverse incisions have been combined with radial incisions, as 
in trapezoidal keratotomv procedures, to increase astigmatic correction and to 
reduce the coupling effect/ 41 117 Corneal wedge resection is performed for 

correction of very high degrees of astigmatism. Removal of a peripheral cres- 
centic wedge ot tissue that is centered on the flattest meridian and suturing of 
the wound result in central corneal steepening with peripheral corneal flattening 
in the area of the resection/* 1 * 

Refractive keratotomv and keratectomy procedures are constantlv evolving. 
Over the past several years, widespread interest in these techniques has neces- 
sitated and generated numerous experimental and clinical studies that have 
increased the corneal surgeon's understanding of refractive procedures and have 
led to many technical refinements. Although many intraoperative and postop- 
erative complications have been reported, 11 22 the incidence of severe compli- 
cations is low, and recent improvements in surgical design and instrumentation 
have led to decreased complications rates. 11 :: 44 ** Significant changes in surgical 
technique, including the abandonment of intersecting radial and transverse or 
arcuate incisions, the execution ot radial incisions toward the corneal periphery 
but not across the limbus, tower radial incisions, less incision redeepening, and 
fewer repeat operations, as well as improved pachvmeters and high-quality, 
calibrated gem knives, have rendered these procedures relatively sate. 

Nevertheless, these techniques do not allow tor retention ot best-corrected 
visual acuity in all cases. In the Prospective Evaluation of Radial Keratotomv 
(PERK) Study, a multicenter clinical trial, 1.5°** ot eves had a decrease of two or 
more lines in best-corrected acuity at 4 years after surgerv/ 1 Although few pa- 
tients develop a permanent decrease in best-corrected vision, visual impairment 
is common because of glare, distortion, monocular diplopia, or fluctuating vi- 
sion. 11 " Despite the fact that many retractive incisional and excisional procedures 
have been shown to reduce retractive errors, the unpredictability and instability 
ot these techniques are major concerns. 1 1 :: 14 h: M The PERK Study demonstrated 
that, at 4 years after radial keratotomv, uncorrected visual acuity was 20/20 or 
better in only 50% of eyes and 20/40 or better in 75% ot eyes, and cvclopiegic 
retractive error was within 1 00 diopter of emmetropia in onlv 54% ot eyes. The 
total change in refractive error between 1 and 4 vears after radial keratotomv 
was noted to be greater than 1.00 diopter in 17% ot eves, with 14% having a 
change in the direction ot a continued eftect ot surgerv/ 1 

There has been no multicenter prospective clinical trial ot keratotomv or ker- 
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atectomv procedures tor the correction ot hyperopia and astigmatism; clinical 
observations ot multiple researchers, however, have not yet demonstrated pre- 
dictable and stable results with anv ot these techniques.* 

There are several factors relating to surgical technique and response of the 
operated eye that affect the predictability and stability of these procedures. With 
current instrumentation, the depth of the incision is the most difficult surgical 
factor to control/ 2 126 When incisions are performed with metal knives and thick- 
ness is measured by optical pachymetrv, the depth of cuts has been reported 
to range from 30% to 100% of corneal thickness/ 5 - 46 - 96 When incisions are created 
by diamond knives and thickness is measured by ultrasonic pachymetry, the 
predictability ot incision depth is improved, but vanations in incision depth of 
61% to 98% ot corneal thickness have been found/ 7 It has been calculated that 
keratotomv incisions require an accuracy of within 20 ^m between desired and 
attained cutting depth/ 4 Freehand corneal cutting does not allow for this pre- 
cision. However, even with high-quality, micrometer-calibrated knives, accurate 
depths are inconsistently attained. Tilting of the blade to the side or in the 
forward-backward direction, variation in pressure exerted on the knife or in the 
speed with which the incisions are executed, and poor eye fixation causes dif- 
ferences in incision depth. 44 *** [ ~ b Even it gem knives are used, microscopic defects 
of the cutting edge, micrometer inaccuracy, and faulty foot plate design can lead 
to significant errors. 44 

Experimental Studies 

Radial keratectomy. In 1985 Cotliar and others 21 were the first to evaluate the 
ArF excimer laser in human cadaver eyes for use in radial keratotomy or radial 
keratectomy, as the procedure should be termed, since ArF excimer laser pho- 
toablation always involves removal of tissue. The laser beam was focused to 
produce a rectangular beam 70 jjl m wide on the corneal surface that was shielded 
with a contact lens to spare the central 3.5-mm optical zone and allow for two 
3.o-mm excisions of the peripheral cornea. Two additional excisions were pc 
formed on the cornea by reexposing the surface after 90° rotation of the laser 
beam. The laser output was 100 mj per pulse at a frequency ot 10 Hz. Depending 
on the depth desired, the exposure time was vaned from 10 to 45 sec. The edges 
of the excision sites were extremely smooth. Corneal flattening ranging from 
0.12 to 5.35 diopters was obtained. The depth of the corneal excisions and the 
degree of central corneal flattening were found to correlate with the energy 
delivered (Fig. 24-28). 

Steinert and Puliafito 11 used a sht lamp— delivered excimer beam to perform 
radial keratectomies one at a time in a rabbit in vivo. Photokeratoscopy 1 dav 
after laser exposure confirmed central corneal flattening and midperipheral 
steepening at each of the excision sites 

Clinical Studies 

Radial keratectomy. In 1987 Aron-Rosa and others" 1 n and Tenner and other- 
investigated ArF excimer laser radial keratectomies in blind eves. 

In the slit lamp delivery system used bv Aron-Rosa and associates,*' '* the laser 
beam was directed by prisms through an articulated arm to be coaxial with the 


•References 43, 50, 54, 58. 59. b4 ?b 118 122 
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Fig. 24-28. Amount of central corneal flattening as a function of ArF excimer laser output 
after four-incision radial keratectomy m human eye bank eyes. (From Cotliar AM and 
others: Published courtesy ot Ophthalmology (1985; 92:206-208] ) 
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slit lamp illumination and HeNe aiming beam and was transmitted through an 
adjustable slit that could be rotated 360°. The size of the slit could be varied 
from 50 to 500 pm in width and up to 5 mm in length. The fluence was 370 mj/ 
cm* with a frequency ot 20 Hz. The total number of pulses was computer con- 
trolled and was determined bv the desired excision depth. The slit was set for 
a width ot 70 pm, and the depth was programmed for either 50% or 90% of 
corneal thickness The patient s eye was stabilized by retrobulbar anesthesia. A 
metal blocking mask with a 70-mm-wide slit was placed on the cornea to further 
control the size of the excision, but patient movement sometimes led to step- 
shaped edges. The excision depth was determined histologically and by slit lamp 
examination to be 85T or less ot the programmed depth. The relatively shallow 
depths were attributed to poor beam quality, poor eye stability, and the presence 
of ejected photoablation remnants that might have acted as a shield when pulses 
were directed repeatedly at the same area. Corneal flattening measured by pa- 
chymetrv at 1 day postoperativelv was reported to be stable when remeasured 
3 weeks later. Wound healing was followed for as long as 3 weeks postopera- 
tively. Light and electron microscopy demonstrated good wound healing (Fig. 
24-29). 

Schroder and associates 11 "' developed a delivery* system with special design 
features to decrease eye motion artifacts and improve cutting precision (Fig. 24- 
30). The laser was encased underneath a bed. allowing the patient to remain 
supine during laser beam delivery through an articulated arm. To further min- 
imize errors due to eye movement, a plastic suction mask incorporating a metal 
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Fig. 24-29. A , Light micrograph of human cornea 14 davs after 70-M-m-wtde ArF excimer 
laser radial keratectomy. Note the V-shaped epithelial plug. (Hematoxylin, eosm, and 
safran.) B, Light micrograph ot human cornea 21 davs alter 70-^m-wide excimer lase- 
radial keratectomv The epithelial plug is smaller than at 14 davs. (Hematowlin. comi 
and safran.) (From Aron-Rosa DS and others I Cataract Refract Surg 14.173, 1988. i 
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Fig. 24-30. Schematic diagram of the delivery system for ArF excimer laser radial ker- 
atectomv (From Schroder E and others: Am ] Ophthalmol 103:472-473, 1987. Published 
with permission trom The American journal of Ophthalmology. Copyright by The Oph- 
thalmic Publishing Company.) 
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Fig. 24-31. Schematic diagram ot a suction mask with slits tor ArF excimer laser radial 
keratectomy. ( From Schroder E and others Am i Ophthalmol 103 472-473, 1987. Published 
with permission trom The American journal ot Ophthalmology Copyright by The Oph- 
thalmic Publishing Company.) 
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plate with 70-p.m-wide slits, was held to the eye by a slight vacuum (Fig. 24- 
31). Constant airflow within the mask cooled the mask and removed molecular 
remnants to improve laser absorption. Increasing the depth of field of the image 
also allowed for more constant absorption over the entire excision site. 

Tenner and others 11 * 5 reported on radial keratectomies performed with this 
laser on blind eyes. The number ot pulses required to attam a desired depth 
was calculated based on measured corneal thickness and an assumed ablation 
depth of 2 p.m per pulse. To ensure safety, the depth was preset for only 60% 
of corneal thickness. Completion of eight radial excisions that were performed 
one at a time required 5 to 7 min. On slit lamp examination, the excisions 
appeared smooth and straight (Fig. 24-32) and were estimated by several ob- 
servers to extend through 60% of corneal thickness. The degree of comeal flat- 
tening attained compared favorably with that achieved by radial keratotomy 
procedures using diamond knives and the same parameters; 6-month follow- 
up of two patients, though, did not demonstrate regression of initial effect, as 
has been observed with conventional techniques. The excision sites healed with- 
out any notable infiltrate or reaction and with less-visible scars than those pro- 
duced by diamond and steel blade incisions (Fig. 24-33). Clinical trials using 
this laser in sighted eyes currently are underway in Europe. 

Transverse and arcuate keratectomy. Seiler and associates 102 104 were the first 
to perform transverse (Fig. 24-34) and arcuate keratectomies with the ArF ex- 
cimer laser in blind eyes and sighted eyes with astigmatic errors. They used a 
system incorporating the ArF exctmer laser coupled to an operating microscope 
that provided for coaxial laser delivery at a fluence of 165 mj/cm : and a repetition 
rate of 30 Hz. The beam was shaped by two 150-p.m-wide transverse or arcuate 
slits in a polymethylmethacrylate contact lens that was coated with a metal foil 
to reflect ultraviolet radiation. The posterior surface of the contact lens contained 
grooves to minimize capillary torces, thereby allowing for the maintenance of a 
dry corneal surface and preventing excision site accumulation ot tear fluid that 
has been shown to decrease tissue absorption ot laser energy and to decrease 
excision depth predictability. The procedure was performed with the patien 
supine. Atter instillation ot topical anesthesia, the contact lens was centered on 
the cornea and the eye was stabilized with a Thornton ring. Each slit was 
irradiated separately tor less than 1 minute. The number ot pulses was precal- 
culated and microprocessor controlled. Although excision depth correlated in a 
linear tashion to the total number ot pulses/"' the ablation depth obtained per 
pulse in the epithelium was approximately twice that obtained in the stroma. Itu Ins 
Therefore the ablation rate and desired ablation depth of both the epithelium 
and stroma were considered during calculation ot pulse number. The ultrason- 
icallv measured central corneal thickness was multiplied bv 1.18 before deter- 
mination ot desired incision depth in order to correct for increased peripheral 
corneal thickness and for nonperpendicular alignment ot the laser beam at the 
irradiated surtace. 
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Fig. 24-32. A, Photograph taken through a surgical microscope of a human eye im- 
mediately after ArF excimer laser radial keratectomy with a 5-mm optical clear zone. 
Incision length, 3 mm; incision width, 70 fim; incision depth, 300 p.m, corresponding to 
60% of the corneal thickness. B, Slit lamp photograph 30 min postoperativelv. (From 
Tenner A and others; J Refract Surg 4:5, 1988.) 



Fig. 24-33. Slit lamp photograph of the same eve as m Fig. 24-32 several weeks post- 
operativelv. There was 2 diopters of central corneal flattening. Arrows identify some of 
the incisions. (From Tenner A and others* [ Refract Surg 4.5, 1988.) 
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Fig. 24-34. A, Slit lamp photograph of a human eve after ArF excimer laser transverse 
keratectomy B, Slit lamp photograph 5 weeks postoperativelv. The excision depth na- 
estimated to be 90°c ^ 8% ot the corneal thickness (Trom Seiler T and others* 
Ophthalmol 105 117-124, 1988 Published with permission trom The American louriv.: 
Ophthalmology Copyright bv The Ophthalmic Publishing Company ) 
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As compared with conventional techniques, the ArF excimer laser led to less 
deviation between intended and attained excision depth. Histologic examination 
of the enucleated eyes demonstrated that the depth was within r5% of the 
intended value. Analysis of slit lamp micrographs revealed attainment of ac- 
curate depths within the measurement error of r 8% . According to Seiler and 
Wollensak's biomechanical model, 11)6 astigmatic changes were predicted to be 
very dependent on incision depth. The clinical results obtained with ArF excimer 
laser transverse keratectomy correlated well with the theoretic curve (Fig. 24- 
35), although actual total astigmatic changes were slightly greater than predicted. 
Following transverse keratectomy, steepening of the flat meridian was greater 
than flattening of the steep meridian, thereby inducing a myopic shift. Biconcave 
arcuate excisions were found to produce astigmatic changes similar to those 
obtained with transverse excisions, but with no change in the spherical equiv- 
alent. Biconvex arcuate excisions have been suggested by Seiler 102 to be the 
method of choice to correct high hyperopic astigmatism; this procedure caused 
a myopic shift similar to that produced with transverse excisions but created a 
one- to sixfold higher astigmatic shift. 



0% 50% 100% 

Incision depth 


Fig. 24-35. Total astigmatic changes atter ArF excimer laser transverse keratectomy as 
a function of excision depth compared with a theoretic curve l From Seiler T and others: 
Am J Ophthalmol 105.117-124, 1988. Published uith permission from The American 
Journal of Ophthalmology. Copvnght bv The Ophthalmic Publishing Company.) 
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Following laser keratectomy, large fluctuations m astigmatism were noted 
during the first few days and were attributed to stromal edema/ 04 Stabilization 
was achieved within approximately 2 weeks, and no regression was noted over 
the 6-month toilow-up period. Patients complained of foreign body sensations 
and photophobia during the first week postoperatively. These symptoms gen- 
erally resolved by the following week. Glare persisting for up" to 2 months was 
noted by some patients. Rapid reepithelialization over the first few days was 
found biomicroscopicallv and histologically (Fig. 24-36). Epithelial plugs per- 
sisted for vanable time periods. 
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Fig. 24-36. Light micrograph ot human cornea 4 davs atter 150-fxm-wide ArF excimer 
laser transverse keratectomy. Epithelium covers the surface of the excision. (From Seilt ,r 
T and others: Am J Ophthalmol 105 117-124, 1988 Published with permission from !.■ 
American iournal of Ophthalmology Copyright b\ The Ophthalmic Publishing Com- 
pany. ) 
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Future Directions 

Recent refinements in ArF excimer laser systems offer precise control of ex- 
asionai depth, a ma|or tactor in the accuracy of noncentral incisional and ex- 
cisional retractive procedures. Therefore the use of the laser, instead of steel or 
gem knives, theoretically should improve predictability ot retractive error cor- 
rection. However, the effects of laser keratectomies need to be studied much 
more extensively. Although not shown to date, it has been speculated that the 
wider excisions produced by the laser should lead to greater retractive change 
for the same depth. 

It is not yet known whether wider laser excisions will cause greater instability 
of the eye and provoke increased glare and fluctuation of visual acuity. The 
answers to these questions will determine whether these relatively wide exci- 
sions should continue to be performed or whether systems producing thinner 
excisions should be investigated. The use ot an ocular tracking device would 
obviate the need tor masks and would allow tor thinner excisions and, if com- 
bined with a corneal imaging and modeling system, for real-time analysis of 
corneal contour. 

The degree to which cutting precision and corneal healing responses con- 
tribute to variability in retractive results has not been determined. Unsutured 
incisions or excisions render the cornea unstable. Morphologic studies 23 12,1 have 
demonstrated that wound healing is incomplete tor up to 47 months following 
conventional radial keratotomv. These studies showing persistence of epithelium 
within the wound, abnormal surface epithelium, and continued fibroblastic ac- 
tivity correlate with clinical findings* 1 of fluctuation in vision and change in 
refractive error tor up to 4 years postoperatively. Although complete wound 
healing has been reported 17 at 66 and 70 months after radial keratotomv per- 
formed with a diamond knite, the long-term course of laser keratectomy wound 
healing is not yet known. 

Pharmacologic agents may prove to be beneficial in decreasing wound healing 
variability. Growth factors and fibronectm are being investigated for their ability 
to accelerate wound healing and stabilization of refractive results. Enhancement 
ot epithelial and stromal healing responses may, however, negate a large degree 
ot surgical ettect. Collagen bandage lenses have„been demonstrated to cause 
more rapid reepitheliaiization ot diamond knife keratotomv wounds with de- 
creased fibroblastic response. 1 Antimetabolites and collagen cross-linkage inhib- 
itors to reduce scar formation have not yet been proven effective. Even if an 
agent that could weaken corneal wounds successfully were found, there prob- 
ably would be poor patient acceptance of such an approach requiring long-term 
usage. 

The ArF excimer laser probablv will enable the corneal surgeon to perform 
more precise and predictable noncentral excisional retractive surgery with an 
infinite possibility ot linear and nonlinear patterns to alter corneal topography. 
However, reliability problems due to wound healing and corneal instability may 
cause these procedures to be replaced in the tuture bv other laser techniques 
such as nonumtorm lamellar keratectomies 
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© Device for correcting the shape of an object by laser treatment 

f The invention concerns a device for correcting the shape 
an object by laser treatment. 

The device comprises means (1) for emitting a laser beam 
(FL) and means (2) for generating a treatment laser beam (FLT) 
comprising at least one lobe of elongate cross-section. Means 
(3) enable focussing of the image of the lobe or lobes of the 
treatment laser beam on the area of the object (OE) to be 
corrected and means (4) enable displacement of the image of 
the lobe of the treatment laser beam in translation or in rotation 
over the area of the object to be corrected. The total correction 
or ablation is effected by the summation of a plurality of 
elementary discrete ablations. 

Application to refractive surgery in the case of keratomileusis 
for myopia, hypermetropia or astigmatism, and to shaping 
contact lenses and intra-ocular implants. 
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Description 

DEVICE FOR CORRECTING THE SHAPE OF AN OBJECT BY LASER TREATMENT 

The present invention relates to a device tor performing surgery on the cornea of the eye. The purpose of 
such modifications of the shape of the cornea is to correct ametropia by correcting dimensional optical 
5 characteristics of the cornea and principally its radius of curvature. At the present time such modifications, 
known as keratomileusis, are achieved by actually machining a disk removed from the cornea. The" disk is made 
rigid by freezing it and then machined by the Barraquer process or applied to a template with the appropriate 
radius of curvature and recut using the Barraquer-Krumeich technique. 

This type of operation has the major disadvantage of necessitating first removal of the disk of corneal 
W material and then treatment of the aforementioned disk, which has to be reimplanted on the eyeball of the 
patient after treatment. 

However, recent work has shown the very precise ablative properties of excimer laser radiation when this 
radiation is applied to the corneal tissue. The radiation emitted by an excimer laser, with a wavelength 
substantially equal to 193 nm, may be used to eliminate corneal material by photodecomposition. Generally 
, 15 speaking, a round light spot (an image of the laser beam) is formed on the cornea, the spot being substantially 
centered on the optical axis of the eyeball. The spot has a substantially circular or annular shape or a 
symmetrical shape relative to the optiquai axis of the eyeball and may be moved and/or the radius size 
changed, the exposure time for a particular area depending on the thickness of the comea to be eliminated. 

(] Although such devices enable direct operation on the eyeball of the patient, enabling better centering 

20 through avoiding the aforementioned problem of cutting out, and reimpianting after correction, a piece of the 
cornea, they do not make it possible to implement a precise treatment method In that, although the exposure 
time can be defined with good precision, the effects and in particular the thickness of the cornea subjected to 
photodecomposition vary with the size of the light spot and the energy density of the laser beam used. 
Moreover, the surface state of the comea after treatment and undesirable side effects due to thermal or 
25 shockwave phenomena vary significantly with the energy level delivered by each pulse and the repetition 
frequency with which the same area is successively irradiated, 
f An object of the device in accordance with the present invention for performing surgery on the comea of the 

, eye using laser radiation is to remedy the aforementioned disadvantages through the use of a device enabling 
* an ablation process to be carried out by successive discrete ablations, the total ablation resulting from the 
j 30 summation of numerous discrete ablations, while avoiding Irradiating the same area with two or more 
consecutive pulses and limiting the surface area irradiated by each pulse. 

Another object of the present invention is the use of a device in which each elementary discrete ablation is 
optimised both from the point of view of the extent of the area over which the discrete ablation is effected and 
the irradiation time for the area to carry out the aforementioned discrete ablation, the surface state of the area 
\ 35 over which the discrete ablation has been effected featuring a minimum degree of roughness and the 
corrected area, the summation of the areas over which one or more discrete ablations have been effected, 
having a minimum degree of roughness, the reduction of undesirable side effects such as shockwave and 
thermal effects making it possible to preserve and respect the integrity of surrounding tissue. 

Another object of the present invention is the use of a refractive surgery device for laser treatment of the 
40 cornea of the eye enabling direct operation on the eyeball of the patient, the operation being computer- or 
microcomputer-assisted. 

The refractive surgical device for laser treatment of the comea of the eye in accordance with the present 
; invention comprises means for emitting a pulsed laser beam. It is characterised in that it comprises means for 
generating a treatment laser beam comprising at least one lobe of elongate cross-section, means for 
l 45 focussing the image of said lobe or lobes of the treatment laser beam onto the area of the eye to be corrected, 

and means for synchronising displacement of the image of said lobe or lobes of the treatment laser beam, 
complete correction or ablation being effected as the summation of a plurality of elementary discrete 
ablations. 

The device in accordance with the invention finds an application in any surgical operation on the comea of 
50 the eye intended to correct ametropia by keratomileusis in the case of myopia, hypermetropia and 
astigmatism, by epikeratothakfa, by radiating incisions, bar-shaped incisions or circular incisions for corneal 
grafting, uniform deep ablation for lamellar grafting. 

The invention will be better understood on reading the following description and referring to the drawings in 
which: 

55 - figure 1 shows a graph plotting the depth of a discrete elementary ablation by one laser emission 

j ; pulse as a function of the radiation energy density, 

f - figure 2a shows a plan view of the cornea of an eye with the corresponding definition of parameters 

defining the surface to be treated, 

-figure 2b shows a view in cross-section on the line A-A in figure 2a with the corresponding definition of 
- 60 parameters defining the surface treated and the area removed by photodecomposition, 

( , - figure 3a shows a block diagram of the device in accordance with the invention in the case where the 

[ image of the treatment laser beam is moved in rotation, 

, - figure 3b shows a particularly advantageous object slit enabling treatment by keratomileusis of 
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myopia in the case of the embodiment of the device from figure 3a, 

- figure 3c shows a particularly advantageous object slit enabling treatment by keratomileusis of 
hypermetropia in the case of the embodiment of the device from figure 3a, 

- figure 3d shows in a non-iimiting way one embodiment of an object slit with multiple lobes enabling 
treatment of myopia by keratomileusis in the same way as in the case of figure 3b, 

- figures 3e and 3f respectively represent in an advantageous, non-limiting way an embodiment of an 

auxiliary slit ol the circular sector type, enabling, when associated with an object slit such as that shown in 
figure 3b or figure 3c, treatment by keratomileusis of astigmatism of the eyeball and the cornea, in the 
case of the embodiment of the device from figure 3a and a circular incision for trepannatibn and for 
correction of astigmatism by partial and localised incisions, ’ 

- figure 4a shows a non-iimiting alternative embodiment of the device in accordance with the invention 
shown in figure 3a in the case where the image of the treatment laser beam Is moved either in rotation or 
in translation, 

- figure 4b shows a particularly advantageous object slit enabling treatment of myopia by 
keratomileusis in the case of the embodiment of the device from figures 3a and 4a, the image of the laser 
beam being moved in translation, 

- figure 4c shows a particularly advantageous object slit enabling treatment of hypermetropia by 
keratomileusis sin the case of the embodiment of the device from figure 4a, the image of the laser beam 
being moved in translation, 

- figure 4d shows in a non-limiting way an alternative embodiment of an object slit with multiple lobes 
enabling treatment of myopia by keratomileusis in the same way as in the case of figure 3e, 

- figure 4e shows a particularly advantageous embodiment In which at least one edge of the slit is 
adjustable to enable compensation of irregular distribution of the energy of the laser beam, 

- figure 5a shows in the case of use of the device from figure 4a with the image of the laser beam moved 
in translation the area of the cornea subjected to irradiation in two elementary areas extending In two 
directions OX, OY, the areas defined by movement In translation of the laser beam in the corresponding 
direction OX or OY being concurrent, 

- figure 5b shows a profile characteristic of total ablation of a cornea subjected to treatment for myopia 
by keratomileusis, 

- figure 5c shows a profile characteristic of total ablation of a cornea subject to treatment for 
hypermetropia by keratomileusis, 

- figures 6a and 6b show a non-limiting embodiment of a diaphragm enabling improved focussing of 
images of the slits onto the cornea and figures 6c through 6e show a particularly advantageous 
embodiment of a diaphragm the siit in which is moved in rotation^ enabling discontinuity between the 
corrected and non-corrected areas of the cornea to be avoided, 

- figure 7 shows an advantageous alternative embodiment of the device in accordance with the 
invention. 

Prior to the description proper of the device for refractive surgical laser treatment of the cornea of the eye in 
accordance with the invention, there follow preliminary remarks summarising the effects of excimer laser light 
irradiation at a wavelength of 193 nanometres when such radiation is applied to the comeal tissue. 

Figure 1 shows a curve of ablation on which the values of the depth of discrete elementary ablations are 
plotted on the ordinate axis, this axis being graduated in micrometres, as a function of the energy density per 
laser illumination pulse, the abscissa axis being graduated In miltijoules/cm 2 . 

The discrete elementary ablation curve is characterised by the presence of a threshold, that Is to say a value 
of the energy density below which no ablation occurs. Generally speaking, the curve is strongly non-linear and 
the depth of ablation increases only very slowly with the energy density. It will in fact be noted that the depth of 
each discrete elementary ablation Is small, lying between 0.25 and 1 pm. 

The refractive eye surgery device in accordance with the invention is, in its essentials, advantageously based 
on a discrete ablation process, a large number of discrete elementary ablations being employed to obtain a 
total resulting ablation. Although the discrete elementary ablation caused by a laser Htumtnatton pulse features 
the previously mentioned non-linearity with regards to its depth as a function of the energy density, It Is 
assumed (providing that the energy density Is constant from one pulse to another) that the resulting total 
ablation at a fixed point for a given number n of consecutive pulses Is equal to n times the average ablation 
corresponding to a single pulse. Thus the discrete elementary ablation corresponding to the aforementioned 
average ablation is denoted: 

1(e) (1) 

This average ablation corresponds substantially for a laser illumination pulse with an energy density in the 
order of 200 millijoules/cm 2 to a depth of ablation corresponding to the 9tep In the curve shown in figures 1, 
and in practice to a depth of ablation between 0.5 and 0.8 pm. 

A more detained description of the operations to be carried out to correct ametropia by correcting 
dimensional optical characteristics of the cornea and principally its radius of curvature will be given with 
reference to figures 2a and 2b. To simplify the description of the device in accordance with the invention, the 
principal operations aforementioned will be limited to keratomileusis for treating myopia, hypermetropia and 
myopic astigmatism. 

Figure 2a shows a plan view of the eyeball designated OE. The aforementioned plan view is seen along the 
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optical axis of the eye designated 02 in figure 2a, the aforementioned optical axis being centered on the 
cornea designated COR and the pupil of the iris, not shown in this figure. In the following explanation it will be 
considered that the optical axis and the visual axis of the eye are substantially coincident. Reference directions 
are denoted OX and OY, the frame of reference OX, OY being an orthogonal frame of reference. The distance 
5 from a given point on the corneal surface to the optical axis OZ is designated h. 

Figure 2b shows a cross-section on the line A-A in figure 2a. In figure 2b the radius of curvature of the 
cornea COR before treatment, the cornea before treatment being shown in figure 2b in dashed outline, is 
designated ro while r designates the radius of curvature of the cornea COR after treatment usinglfte device in 
accordance with the invention. Generally speaking, R designates the radius of the optical area on the cornea 
10 for operating on and correcting the latter. Of course, the value of this parameter R and the area of the cornea 
over which the operation will be carried out are defined by the practitioner, following a clinical analysis carried 
out by him or her. Finally, A(h) designates the ablation function, that is to say the thickness (in the direction Oz 
of the optical axis of the eye) to be removed by photodecomposition to a distance h from the optical axis OZ of 
the eye to alter the cornea from the initial radius of curvature ro to the final radius of curvature r, after the 
15 aforementioned operation. 

In the case of keratomileusis for myopia, the object of the corresponding operation is to increase the radius 
of curvature of the cornea. The initial radius of curvature ro is increased to a value r > ro after the operation. 
This effect is obtained by ablation with a substantially parabolic profile of revolution and the ablation function 
is, using the notation from figures 2a and 2b: 

20 


25 


A(h ) = A 


0 


a 



0 < h ^ R 


( 2 ) 


In the case of keratomileusis for hypermetropia, the object of the operation is to reduce the radius of 
30 curvature of the cornea, the initial radius ro being reduced to a value of r < ro. In this case ablation is still on a 
surface of revolution about the optical axis OZ of the eye, there being no ablation at the centre O, for h — 0, 
and maximum ablation for a particular value h — v. The ablation of the corneal profile between h — v and R 
then constitutes a merging area defined by purely mechanical considerations: no sudden transition with the 
optical area proper (h < v) or with the rest of the cornea (h > R). The ablation function A(h) satisfies the 
35 equation: 

2 

h 

40 A(h) = A where 0 ^ h ^ v (3) 

0 2 1 
R 


For values of h greater than v and less than R, the ablation function A(h) is a polynomial in h defining the 
aforementioned merging area according to previously mentioned mechanical considerations. 

In equations (2) and (3) above, Ao represents, of course, the extent of ablation for h — 0, that is the 
thickness of ablation at the optical axis OZ of the eye itself: 
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In the case of keratomileusis for myopic astigmatism, the ablation is no longer on a surface of revolution. It 
will be remembered that in cases of comeal astigmatism the principal astigmatism directions are defined by 
60 orthogonal planes in which It Is possible to define a maximum radius of curvature and a minimum radius of 
curvature for the optical surface In question, in this instance the cornea. In this case, and by way of 
simplification, and in line with what the practitioner will have to do in any event to carry out the operation using 
the device in accordance with the invention, it is advantageous to taka as the reference directions OX and OY 
the principal astigmatism directions as previously defined. The aforementioned directions OX and OY are then 
6$ contained in the aformentioned astigmatism planes. The radius of curvature of the cornea COR is in this case a 
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function of the azimuth angle denoted the radius of curvature r of the cornea after the operation for example 
satisfying the equation : 

r (P) — r* cosjj 4- r y sinp (4) 

In equation (4), 3 represents the azimuth angle of any plane containing the optical axis OZ, the azimuth angle 
being for example the dihedral angle formed by the aforementioned any plane and the plane QZ, OX. The 5 
values r* and r y are the corresponding values of the radius of curvature r for p =0 and fl - ji/ 2 , respectively. 

In the case of keratomileusis for myopic astigmatism, research has shown that the ablation profile may be 
written (the OX and OY axes having been determined as previously described): _ 

10 

2 2 

A(X,Y) - A q (1 - ~ - ~ > (5) 
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In equation (5), the quantities Ao, R* and R y are defined by: 



( 6 ) 
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The terms A*o and A y o are themselves defined as functions of the parameters R f r* and r y by equations (7) 
and ( 8 ) below: 
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(7) 

40 

( 8 ) 

45 


Generally speaking, iso-abiation curves are ellipses. 

A more detailed description of the device in accordance with the invention for performing refractive surgery 
on the eye by laser treatment of the cornea will now be given with reference to figure 83 . 

Referring to the aforementioned figure, the device in accordance with the invention comprises means 1 for 
emitting a laser beam denoted FL. The laser beam FL is a pulsed laser beam. 

; The means for emitting the laser beam FL are preferably an excimer laser emitting radiation at a wavelength 

of 193 nanometres. The emission means 1 preferably emit laser pulses with an energy level of the laser beam 
FL in the order of 180 millijoules per pulse, the repetition frequency of the laser pulses being in the order of 20 
Hz. The duration of each pulse is in the order of 10 nanoseconds and the instantaneous power of each pulse 
reaches high values, in the order of 10 MW. 

- 1 As further seen in figure 3a, the device In accordance with the invention comprises means 2 for generating a 

i treatment laser beam denoted FLT comprising at least one lobe denoted LI through L 6 of elongate 

\ : cross-section. In figure 3a the image of the treatment laser beam FLT has been shown to a larger scale, It being 

possible to show this image on a screen, for example, not shown in figure 3a. 

I The device in accordance with the invention also comprises means 3 for focussing the image of the lobe or 

i lobes LI through L 6 of the treatment laser beam FLT on the area of the eye OE to be corrected, on the cornea 

of the latter. Of course, the means 2 for generating the treatment laser beam FLT and the means 3 for 
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[ focussing the image cause a loss of energy of the laser pulses of the laser beam FL t but the energy delivered $ 

f to the cornea COR is in the order of 5 miilijoules per pulse. The energy density on the image of the lobes of the 

laser beam generated by the means 3 for focussing the image of the aforementioned lobes is in the order of 
lj 200 millijoules/cm 2 as previously explained. 

if 5 According to an advantageous aspect of the device in accordance with the invention, means 4 for moving 
the image of the lobe or lobes of the treatment laser beam FLT are provided for moving the aforementioned 

image over the area of th8 eye OE to be corrected. 

| Means 5 for synchronising the displacement of the image of the lobe or lobes of the treatment laser beam 

FLT over the area of the eye to be corrected are provided to ensure synchronisation with the pulses of the 
HO treatment laser beam. 

Although the precise mechanism of the ablation process is still the subject of research, in some aspects it 
' may be regarded as similar to a micro-explosion causing by photodecomposition a discrete elementary 
ablation by each laser pulse. The total correction or ablation resulting from implementation of the method In 
; accordance with the invention is effected by summation of a plurality of elementary discrete ablations. 

75 According to another advantageous characteristic of the device in accordance with the invention shown in 
f \ figure 3a, the means 3 for focussing the image of the lobe or lobes LI through L6 of the treatment laser beam 

,, FLT make it possible to focus the aforementioned image in such a way that the generatrix of an end of the lobe 

! or lobes or the axis of longitudinal symmetry of the aforementioned lobe or lobes of the treatment laser beam 

J are coincident with the optical axis OZ of the eye to be treated. Of course, as shown in figure 3a, the device in 

20 accordance with the invention may advantageously comprise an alignment device denoted 6~consisting, for 
example, of an auxiliary laser emission device such as a low-power helium-neon laser enabling the practitioner 
to carry out the appropriate adjustments of the focussing means 3 refattve to the optical axis OZ of the eye OE 
of the patient. 

According to another advantangeous characteristic of the device in accordance with the invention, the 
- 25 means 4 for displacing the image of the lobe or lobes of the treatment laser beam over the area of the eye to be 

! corrected make it possible to displace the image of the aforementioned lobes LI through L6 in rotation about 

| the previously mentioned end generatrix or the longitudinal axis of symmetry of the lobe or lobes of the 

treatment laser beam FLT. 

According to an advantageous aspect of the device in accordance with the invention, the fatter enables the 
31 30 aforementioned rotation by increments of the angle of rotation denoted T. 

In one specific embodiment of the device in accordance with the invention shown in figure 3a, the means 2 * 

for generating the treatment laser beam FLT may advantageously comprise a focussing optical system 20. The 
■v- focussing optical system 20 may consist of a Galilean telescope producing from the laser emission means 1 a 

31 laser beam FL of regular (for example cylindrical) cross-section. t 

-4-- 35 According to another particularly advantageous aspect of the device in accordance with the invention, the 

jr; 1 means 4 for displacing the image of the lobe or lobes of the treatment laser beam in rotation may comprise, as 

L shown in figure 3a, a mask or diaphragm 21 incorporating an object slit denoted 21 1 . Of course, the object slit 

f" 21 1 Is of elongate shape and iiluminated, for example in parallel light, by the laser beam FL One end of the 

object slit 21 1 is disposed, for example, at the centre of the diaphragm 21 and generates the aforementioned 
40 end generatrix of the treatment laser beam FLT or the longitudinal axis of symmetry of the lobes LI through L6 
' of the treatment laser beam FLT. 

4*- The object slit 21 1 and the image of this object slit are rotated by drive means 40, 41 for rotating the mask or 

Jr diaphragm 21. 

=* Of course, but not in any limiting way, the diaphragm 21 may be a circular shape diaphragm and the drive 

~ r ; 45 means for the diaphragm 21 advantageously comprise a toothed ring denoted 21 0 disposed at the periphery of 

□3 the diaphragm and a stepper motor 40 the drive shaft of which is fitted with at least one toothed wheel 41 

meshing with the toothed ring 210. 

ST To focus the image of the lobe or lobes of the treatment laser beam FLT, the focussing means 3 

advantageously comprise a semi-reflecting mirror 30 consisting of a prism or the like, for example, serving by 
\so total reflection to transmit the treatment laser beam FLT and the alignment beam delivered by the alignment 
means 6, together with a focussing lens 31 constituting the objective lens of the device. The combination of 
the semi-reflecting mirror 30 and the focussing lens 31 serves to form the image of the treatment laser beam 
FLT on the area of the cornea to be treated, of course. 

\ In a conventional way, ait of the device in accordance with the invention and in particular the means 2 for 

' 55 generating the treatment laser beam FLT and the laser emission means are mounted on an optical bench and 
the focussing means 3 are mounted on a barrel that can be oriented by the practitioner for correct aiming onto 
the area of the eye to be treated. The corresponding mountings for the aforementioned component parts as a 
whole will not be described as they constitute part of the prior art in the field of high-precision optical 
j instruments. 

: 60 A more detailed description of the diaphragm enabling operations as previously described herein by means 
J of the image of the laser beam tobe moved in rotation over the area of the eye to be treated will now be given 

i with reference to figures 3b, 3c, 3d and 3e. 

One embodiment of the object slit 211 of the diaphragm 21 will be described first in connection with 
treatment or operation by keratomileusis for myopia, the image of the lobe or lobes of the treatment laser 
65 beam FLT being rotated about the optical axis OZ of the eye to be treated. 
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Referring to the aforementioned figure 3b, the object slit 21 1 of the diaphragm 21 has a profile satisfying the 
equation: 


A 2 2 

„ OP P 

0(p) * r r— (i - — ) = 0{O)(i - — ) 
a(e) 2 2 

R R 


(9) 


In the aforementioned equation, 0(p) represents the aperture angle of the slit defined as the angle at the 
centre of a circle with its centre at the end of the object slit, for generating the end generatnx or the axis of 
symmetry of the treatment laser beam FLT with for radius the corresponding value p of the distance from a 
point on the edge of the slit or lip of the object slit or of the lobe of the laser beam to the aforementioned 
centre. 

In figure 3b it will be noted that the object slit 21 1 has convex lips or edges, the aperture angle 0(0) of the slit 
at the origin, that is to say at the centre O' at the end of the slit being maximum. 

T represents the increment of angular rotation as previously mentioned. It will be noted that equation (9) 
represents the equation in polar coordinates of one of the lips of the slit, the other being deduclble by 
considerations of symmetry. 

Another example of an embodiment of an object slit 21 1 of the diaphragm 21 for treatment of hypermetropia 
by keratomileusis in the case where the operation is conducted by rotating the image of the lobe or lobes of 
the treatment laser beam FLT will also be descnbed with reference to figure 3c. 

In this case, as shown in the aforementioned figure, the profile of the slit 21 1 satisfies the equation: 
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In equation (10) the parameters are defined according to the definitions previously given. It will be noted that 
j the lips of the slit 21 1 in the case of figure 3c are substantially concave up to a particular value of the radius p, 

s this particular value being denoted v. it wilt be noted that the corresponding lip then has a point of inflection, 

[ the curvature of the latter becoming convex and decreasing regularly up to the end of the slit corresponding to 

1 the maximum logitudinal dimension of the latter. This continuous decrease in the aperture angle 0 beyond the 

| , value of the radius p — v advantageously serves to prevent excessive discontinuity at the periphery of the 

f , resulting total ablation. In a non-limiting way and by way of example only, the particular value of v is 

substantially equal to 2/3 of the maximum longitudinal dimension of the slit, 
j : Of course, as shown in figure 3d in particular, the diaphragm 21 may advantageously comprise a plurality of 

) ; elementary object slits denoted 21 1 1 , 21 1 1 through 21 1 n in the aforementioned figure. Each elementary object 
slit generates a corresponding lobe of the treatment laser beam FLT, of course. The number of slits In the 
; same diaphragm 21 is limited only by the maximum aperture Q max of the object slit in question, the aperture 

j angle at the origin 0(0) of each slit In the case of figure 3d and 0(R) in the case of figure 3c, for treatment of 

‘ hypermetropia by keratomileusis. 

it will be noted, of course, that increasing the number of object slits on the diaphragm provides for a 
commensurate decrease in the total operation time, since the summation of the successive elementary 
: ablations achieved on the area to be treated by rotating the diaphragm and the object silt Is added to the 

spatial summation due to the corresponding distribution of the various object slits on the diaphragm. It wiH be 
noted that in the case of multiple slits they may be regularly distributed over the diaphragm and all meet at their 
common end situated of the axis of rotation. Each of the slits generates in this way one lobe of the treatment 
laser beam FLT. In the case of slits used for treatment of myopia by keratomileusis, adjacent slits tangential to 
the centre have a surface area exactly equal to one-half the surface area of the disk within which the slits are 
\ inscribed. 

It will be noted that the choice of the angular rotation increment T actually determines the surface area of the 
v object slit or slits used and vice versa. The choice of the angular increment f and the maximum aperture angle 
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20 


9max are governed by the following considerations: 

A narrow slit corresponding to a small angular increment F enables use of a small part of the laser beam FL 
with the possibility of choosing the most homogeneous part of the latter, use of a low-power laser and also 
irradiation of a small part of the cornea by each pulse. Furthermore, increasing the number ND of slit images 
that are totally separated or at worst tangential, the number of images ND being denoted NDi in the case of 
treatment of myopia by keratomileusis and ND 2 in the case of treatment of hypermetro pia by keratomileusis, 
means that the sequence of positions of the irradiated slits can be programmed to minimise heating of the 
cornea 

On the other hand, too small a rotation increment T can lengthen the correction or treatment period. 

In practice it is more advantageous to have a limited set of slits and to vary the rotation increment F as 
appropriate to the required correction. 

Thus a slit is totally defined by: 

- its length which defines the radius of the corrected area, that is to say the parameter R defined by the 
practitioner, 

- the type of correction or operation carried out, that is to say keratomileusis for myopia or hypermetropia, 

- the maximum aperture angle (W appropriate to the type of correction or operation carried out. 

For optimum performance of the operation, the device in accordance with the invention comprises means 8 
for calculating the angular rotation increment T which, for a given object slit (the slit having been chosen 
beforehand by the practitioner, of course) satisfies the equation: 
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The calculation means 8 are then used to determine the number of laser emission pulses Nl, this number of 
30 laser pulses being denoted Nli in the case of treatment of myopia by keratomileusis. The number Nli of laser 
emission pulses satisfies the equation: 
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I In the aforementioned equation NDi represents the number of separate or adjacent slit images that can be 

formed on the area of the cornea COR to be treated. 

; The calculation means 8 are also used to calculate the minimum total irradiation time denoted T m i n or Timm In 

; the case of treatment of myopia by keratomileusis. In this case, the minimum total irradiation time satisfies the 

! *5 equation: 
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* 55 j n this equation, x(e) represents the minimum time interval between two successive Irradiations of the same 
point on the cornea. The value of x(e) is established experimentally and is the threshold beyond which heating 
of the cornea may occur. The value Timm depends of course on the energy flux but does not depend on the 
! rotation increment T. This is because all of the NDi separate slits can be irradiated in the aforementioned 

< interval t(e). In practice, the type of laser used to produce the laser pulses and the maximum speed of 

{ 50 displacement of the slit may limit the frequency at which the pulses can be delivered. 

i 1 The refractive eye surgery device using laser illumination in accordance with the Invention may also be used 

to correct astigmatism of the cornea COR or of the eyeball. 

In a case like this the ablation profile varies with the meridian in question of the eyeball, this meridian 
consisting of the intersection with the surface of the cornea of a plane containing the optical axis 02 of the 

65 eyeball oriented at an angle P in azimuth relative to a plane containing the previously defined reference 
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direction OX. In the case where, as previously defined, the reference directions OX and OY correspond to the 
principal directions of astigmatism, and in the case of myopic astigmatism, the ablation function satisfies the 
equation: 


A(h,A> = A (/}) 
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(14) 
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In this equation, Ao(P) is equal to: 
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20 


From the equations (6), (7) and (8) previously given in this description, it is possible to compensate for the 
variations in Ao(P) by varying the rotation increment T as a function of p. 

In this way it is possible to correct astigmatism of the eyeball with slits Identical to those previously 
described with reference to figures 3a, 3b, 3c, 3d by modulating the angular rotation increment V as a function 
of the angle p defining the meridian of the cornea of the eyeball. 

To this end, the device in accordance with the invention comprises means for modulating the angular ^ 
rotation increment T as a function of the angle 3. this angle rotation increment V as a function of the angle P 
satisfying the equation: 
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max 
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40 


In this equation, Ao(p) represents the ablation at the origin near the optical axis OZ of the eyeball In the 
direction with azimuth angle p. 

However, in the case of myopic astigmatism, the ablation at the centre is not constant and varies with the 
meridian. To establish circular symmetry of the cornea the device In accordance with the Invention may ^ 
comprise as shown In figure 3e at least one auxiliary diaphragm 21 provided with an object slit 211 of circular 
sector shape the equation for which in polar coordinates is 0(p) = k where k is a constant. The 
aforementioned auxiliary slit 21 1 enables such correction by means of supplementary irradiation and rotational 
displacement by the rotation increment T(p) modulated as a function of the azimuth angle p to establish a 
constant ablation at the origin 0 without modifying the radius of curvature of the cornea, however. The residual ^ 

ablation to be effected during such supplementary Irradiation using the slit 21 1 shown in figure 3e satisfies the 
equation: 

SA (P ) = Ao (O)-Ao (P) 


with A (0) 
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in which equation min (rx,ry) represents the smaller of the values rx and 
The residual ablation effected during the supplementary irradiation is then obtained by modulating the 
angular rotation increment T as a function of the azimuth angle p, the rotation increment T satisfying the 
equation: 65 
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(13) 


It should be noted that this method introduces a discontinuity at the periphery of the resulting total ablation, 
10 this discontinuity being null for P — 0, that is in the OX direction, and maximal for p » n/2 f that is In the OY 
direction. The maximal value of this discontinuity is equal to: 



! 20 with rx < ry. 

This discontinuity can be resolved, as will be explained later in this description. 

! In an alternative embodiment of the device shown in figure 3a, for the purpose of compensating by 

correction astigmatism of the eyeball and of the cornea, the device may comprise upstream of the focussing 
means 3, on the path of the treatment laser beam FLT, an anamorphic optical system 9 in which the 
25 magnification depends on the azimuth angle p. In this case, the iso-ablation curves on the cornea are ellipses. 
? Correction of astigmatism implies that the total resulting ablation as a function of the aximuth angle P is not 

\ constant. Anamorphic systems are systems in which the magnification depends on the aforementioned 

] azimuth angle p. Generally speaking, and with the onentation of the axes OX and OY previously defined relative 

l t0 the eyeball in figure 2a, an anamorphic system having a corresponding magnification denoted M x and My at 

so an elementary surface dS of the object, that is to say of the object slit 211, corresponds to an elementary 

surface dS' - M x .M y .dS' of the image given by the anamorphic system. Under these conditions, the image of a 
\ circ le obtained by means of the rotating slit or by some other equivalent means is an ellipse. Thus the 

iso-energy curves in the object plane of the anamorphic system, that is to say of the object slit 21 1 , are circles 
and the images of these circles given by the anamorphic system are ellipses. Given that the total resulting 

i ; 35 ablation at a given point on the cornea is proportional to the energy received at that point, the iso-ablation 

\ curves are consequently ellipses. R* and R y being the half major axes of these ellipses, the magnifications M x 

and M y of the anamorphic system 9 must be in the same ratio as the aforementioned half major axes. The 
anamorphic system 9 may consequently comprise two cylindrical lenses the longitudinal axes of which are 
orthogonal and respectively oriented to define the corresponding directions OX and OY, the lenses having 
40 respective magnifications M x and M y . These anamorphic optical systems as such are prior art and because of 
, this they will not be described in more detail in this description. 

Of course, to facilitate the work of the practitioner the device in accordance with the invention may be 
provided with an auxiliary diaphragm 21 having an object slit 21 1 of circular arc shape with a particular radius of 
\ curvature. This type of object slit is shown in figure 3f by way of non-limiting example. It is used to make 

ii 45 circular incisions for arc-shaped corneal grafts, for example. 

Also, the object slit as shown in figure 3e may also be used to correct astigmatism as previously described 
t by modulating the rotation increment as a function of the azimuth angle p, to carry out such operations as 

removal of a locally parallel faced meniscus for epfkeratothakia, or removal of a parallel surface corneal disc 
i from a donor or removal of a surface to be modified by the laser for correcting myopia or hypermetropia, with a 

j 50 view to carrying out lamellar grafting. The lamellar grafting operations may then be carried out with constant 
j rotation increments T, the ablation obtained during this operation corresponding to that of a locally parallel 

faced meniscus the edges of which are substantially rectilinear. 

An alternative embodiment of the device in accordance with the invention more particularly adapted to 
operations such as those previously described will be described with reference to figure 4a. 

55 In the embodiment shown in the aforementioned figure, but in a non-limiting way, the means 4for displacing 
j the image of the lobe or lobes of the treatment laser beam FLT over the area of the line to be treated provide 

for displacement in translation In a direction d substantially perpendicular to the largest dimension denoted Oz 
of the lobe of the treatment laser beam FLT. In this case, as will be described in more detail later in this 
1 description, the treatment laser beam FLT may be advantageously comprise two lobes or component parts of 

l| 60 a single lobe symmetrical relative to a centre of symmetry denoted 0". 

According to an advantageous characterstic of the device in accordance with the invention shown in figure 
4a, the displacement In translation is advantageously effected by means of displacement increments denoted 
Au. The displacement in translation is defined relative to the two reference directions OX, OY with u » X or 
u » Y, these directions defining a plane tangential to the cornea at the point O on the optical axis of the eyeball 
; 65 as defined previously in figure 2a. 
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The means 4 for displacement in translation of the image of the lobe or lobes of the treatment laser beam 
FLT advantageously provide for displacement in translation of the latter in the orthogonal directions OX and 
OY. 

As shown by way of non-limiting example in figure 4a, the means 4 for displacing the image of the lobe or 
lobes of the treatment laser beam FLT in translation may comprise in succession along the path of the laser 5 

beam FL: a fixed diaphragm denoted 21 comprising at least one object slit 21 1 of elongate shape. This object 
slit is illuminated with parallel light. As shown in a non-limiting way tn figure 4a, the laser beam FL may be 
generated by the means 1 previously described in relation to figure 3a, the laser beam FL possibly having a 
rectangular cross-section obtained in the classical way by passing the emitted laser beam through-suitable 
diaphragms. Of course, as shown in figure 4a, a lens 20, a direction-changing mirror 21 such as a 10 
semi-reflecting mirror enabling under conditions analogous to those of figure 3a transmission of an auxiliary 
alignment laser beam not shown in this figure and a field lens 22 are used to conduct the parallel light laser 
beam FL to the slit 211 in the diaphragm 21. 

Moreover, as also shown in figure 4a, a first lens 23 is placed relative to the object slit 21 1 and to the 
diaphragm 21 so that the object slit 21 1 is in the object focal plane of the lens 23 to generate the lobe or lobes 15 

of the beam imaging the object slit in parallel light. 

A rotating prism 420 is provided whereby rotation of the prism in question through an angle a rotates the 
emergent light beam, i.e. the treatment laser beam FLT, through an angle 2a. 

Also, a second focussing lens 430 serving as an objective lens is movable in translation in the previously 
mentioned directions OX and OY. 20 

It will be understood that the embodiment of the device in accordance with the invention shown in figure 4a 
is particularly advantageous in that it enables two methods to be used: in the first the treatment laser beam 
FLT is scanned in rotation, the focussing lens 430 being held in a fixed position and centred on the optical aods 
OZ of the eye, of course, the prism 420 then being rotated to obtain the corresponding scanning of the 
treatment laser beam; in the second method, with the prism 420 fixed in position, the treatment laser beam 25 
emerging from the prism 420 Is directed along the optical axis OZ of the eye and the focussing tens 430 
produces corresponding movement in translation of the treatment laser beam FLT by corresponding 
defocussing due to movement of the lens 430 In translation in direction X or in direction Y. 

The rotator prism 420 may advantageously be a Dove or Wollastom prism. Also, a diaphragm denoted DFI 
may be provided between the lens 430 and the eye of the patient to limit the luminous intensity received by the 30 
eye OE of the patient. It may be disposed in the vicinity of or on the eye. Of course, other direction-changing 
mirrors can be provided on the path of the laser beam FL to obtain an appropriate optical path to enable 
unrestricted circulation of persons in the environment of the apparatus and the practitioner. 

The device in accordance with the invention in figure 4a is particularly advantageous in that over and above 
any possible operation by scanning the area of the eye to be treated in rotation, it also makes it possible to 35 

carry out this operation by scanning the laser beam over the area of the eye to be treated In translation, In 
particular in the previously mentioned two directions OX and OY. The lobe or lobes of the laser beam and the 
beam direction Oz being oriented in the OY direction, the scanning in one direction (the OX cfirectlon, for 
example) is obtained by means of the rotator prism 420. This orients the aforementioned direction Oz with the 
OX direction for subsequent movement of the treatment laser beam FLT in the direction perpendicular to the 40 
new orientation of the Oz axis, I.e. the direction OY. The displacement in translation is effected by displacing 
the lens 430 in the corresponding directions. 

A more detained description of an object slit 211 profile specifically used in the case where displacement in 
translation of the image of the object slit 211 is brought about to carry out the treatment or operation as 
aforementioned will be given with reference to figures 4b, 4c, 4d. 45 

Referring to figure 4b, the object slit 211 of the diaphragm 21 and consequently the image of the lobe or 
lobes of the treatment laser beam FLT for treatment and correction by keratomileusis of myopia and 
astigmatism has a substantially parabolic profile. The profile defined by one lip of the slit satisfies the equation: 

50 

2 

1 Z 

E(z) = 2 E (“ “ (20) 

max 2 2 

R 55 


It will be noted for convenience that the slit 211 has a longitudinal axis denoted 0"x. 

In the above equation, the various parameters are defined as follows: 

E(z) represents the transverse dimension of the object silt or of the lobe of the treatment laser beam at the GO 
abscissa z on the longitudinal reference axis oriented relative to the slrt. The abscissa is referenced relative to 
an origin 'point O". 

Emu represents the maximal transverse dimension of the object silt 211. 

While carrying out the aforementioned operation, the practitioner is required to displace the Image of the 
object slit 21 1 in translation along a direction at least perpendicular to the longitudinal axis 0"z of the object 55 
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slit 211. Of course, the image of the object slit 211 is then oriented in such a way that the longitudinal axis 0"z 
of the latter is oriented in one of the directions OX or OY of figure 2a. Thus for a direction u of orientation of the 
slit 211 or of its longitudinal axis 0"z in the direction OX or OY, the equation relating the aperture of the slit 
E(u) and the translation displacement increment denoted Au, this displacement being in the direction 
5 perpendicular to the orientation direction u of the slit, is of the form: 


10 E(u) 
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A 
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a(e ) 



( 21 ) 


15 )n this equation: 

• u represents the abscissa or position of the edge of the slit on the longitudinal axis of reference 0"z, the slit 

itself being oriented in the direction u corresponds to the direction OX or to the direction OY, 

Au represents the translation displacement increment in the direction orthogonal to the aforementioned 
alignment direction u, i.e. in the direction OY or in the direction OX, 

| 20 A u o represents the thickness of ablation or correction at the centre of the area of the cornea to be corrected 
j at the time of displacement in translation of the object slit 211 or of the lobe of the treatment laser beam In the 
\ direction OY or in the direction OZ. 

A description of an object slit 211 for treatment and correction of the cornea by keratomileusis for 
hypermetropia and hypermetropic astigmatism will also be given with reference to figure 4c. 

I ,25 in the case of the aforementioned operation, the object slit 21 1 and the corresponding lobe or lobes of the 
treatment laser bean FLT have a substantially parabolic profile satisfying the equation: 


M z 

E(z) * Emax (~) (2 2) 
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35 

{ As in figure 4b the orientation of the longitudinal axis 0"z of the object slit 21 1 in the direction OX or in the 

direction OY serves to establish the relationship defining the connection between the displacement increment 
j | Au in the direction perpendicular to the orientation direction and the aperture E(u) of the slit 211, this 
■ relationship being of the form: 
f 40 
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(23) 


, In the above equations (22) and (23), the same notation designates the same parameters as in the previous 

equations (20) and (21). 

; , In an anaiagous manner to an operation carried out by scanning the image of the object silt 21 1 in rotation, in 

\ the case of scanning in translation the values of the displacement increment in the direction perpendicular to 

, 55 the alignment direction of the axis 0"z of the object slit 21 1 and the irradiation times satisfy similar equations. 

Consequently, in the figure 4a embodiment, the device in accordance with the invention comprises 
calculation means denoted 8 for calculating the translation displacement increment Au in the direction OY or 
, OX for an orientation u in the direction OX, OY, the increment for a given object slit satisfying the equation: 

60 

A „ 5(e) 

\ ' Au = Emax u ( 24 ) 

A 0 

65 
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In this equation the parameters a{e) and A u o correspond of course to the definitions given previously in this 
description. 

Also, in the embodiment shown in figure 4a, the device in accordance with the invention also comprises 
means 8 for calculating the number of laser emission pulses denoted NI 2 and the number of translation 
displacements increments Au in the direction OY, OX. The number NI 2 of pulses satisfies the equation: 5 


NI 
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a(e ) 


(25) 


10 


In this equation ND 2 represents the number of totally separate or adjacent images that can be formed on the 15 
cornea. 

In the same way as in the case of treatment or correction by an object slit or object slit image performing a 
rotating scan, in the figure 4a embodiment the calculation means 8 may also be used to calculate the minimum 
total radiation time denoted Ta™. This satisfies the equation: 

20 
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(26) 


25 


In this equation, x(e) represents the minimum time interval between two successive irradiations of the same 
point on the cornea. * 30 

As will be noted from figures 3b, 3c, 3d, 3e, 4b, 4c and 4d in particular, the object slits 211, whether used 
during an operation to effect scanning in rotation or in translation of the area of the cornea to be treated, are 
symmetrical with respect to their longitudinal axis O'z or 0"z. This corresponds to a particularly advantageous, 
non-limiting embodiment in which, without departing from the scope of the present Invention, the slits may be 
asymmetrical with respect to the longitudinal axis O'z or 0"z provided that the corresponding width of the slit 35 
at a given point z is substantially the same. 

As will be noted in figure 4c, in the case of an object slit 211 used for treatment of hypermetropla by 
scanning in translation the object slits, whether they generate one or more lobes of the treatment laser beam 
FLT scanned in rotation or in translation, may advantageously comprise a curvilinear shape edge denoted C at 
the end. This edge at the end Is, as shown to a larger scale in figure 4c, symmetrical with respect to the 40 
longitudinal axis 0"z. The curvilinear shape departs from the variation law p = constant, representing a 
circular arc in polar coordinates, to eliminate edge effects from the resulting profile of the total ablation 
obtained. 

As will be noted in figure 4c, in a non-limiting way, the curvilinear shape C may be concave and convex with a 
point of inflection. Likewise, provided that the curvilinear shape C departs from the variation law p « constant, 45 
the edge at the end may equally well be continuously concave, as shown in dashed outline in the enlarged view 
of figure 4c. 

A curvilinear character of this kind for the edge of the slits at the end improves the continuity of the 
curvature in transitions between corrected and uncorrected areas. Thus any slit of which an edge at the end 
has a non-zero width or aperture could comprise the aforementioned curvilinear slit C. The curvilinear shape C, 53 
in the absence of any point of inflection, provides for transitions between corrected and uncorrected areas at 
which there is a discontinuity In the curvature. 

Of course, in an analogous way to the embodiment of the object slits in figure 3e in the case of rotational 
scanning for a plurality of object slits 211 on the same diaphragm 21 . in the case of treatment by scanning In 
translation it is also possible to use a plurality of object slits 21 1 on the same diaphragm. A diaphragm of this 55 
kind is shown in figure 4d, in which three slits 211 1 , 211 2 and 211 3 have been shown byway of non-limiting 
example. The various object slits are spaced in a direction perpendicular to their longitudinal sods 0"z by a 
distance at least equal to the widest aperture Emix thereof. 

A prototype of the device in accordance with the invention was manufactured with the object slits 211 as 
described previously with reference to figures 3b, 3c, 3d, 4b, 4c and 4d. , 60 

To give a non-limiting example, in the case of an object slit such as that shown In figure 3b, the object slit 211 
had a length substantially equal to 3.2 mm, its length being measured along the longitudinal axis O'z, and a 
width or maximal dimension in the direction perpendicular to the aforementioned longitudinal axis substantially 
equal to 0.8 mm. 

An object slit 21 1 as shown in figure 3c had a length substantially equal to 3.2 mm and a maximal width In the & 
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| order of 1.4 mm. 

In the case of an object slit 21 1 as shown in figure 4b the length of the slit along the longitudinal axis 0"z was 
in the order of 6 mm and its maximal width in the order of 1 mm. 

Of course, the foregoing dimensions of the object slits 21 1 are given by way of non-limiting example only, 

- ; 5 since ft is to be understood that these dimensions vary according to the total magnification of the optical 
system of the device in accordance with the invention. The latter may of course and advantageously be 
provided with an optical system offering variable magnification so that from a particular design of object slit the 
practitioner is in a position to choose the final dimension of the image of the lobe or lobes of tfi^Treatment 
laser beam FLT given by the aforementioned object slits. 

10 In accordance with another advantageous characteristic of the device in accordance with the invention, with 
particular reference to the figure 4a embodiment in which the diaphragm 21 is fixed, each slit may 
; advantageously have a variable profile to provide for compensation for any irregular distribution of the light 
; energy over the cross-section of a lobe of the treatment laser beam FLT. 

( ! As wi)l be noted in fi 9 ure 4e, the variable slit 211 may comprise at least one edge made up of mobile strips 

| 15 denoted 2110, these strips being movable In translation in a direction perpendicular to the longitudinal axis 
0"z of the slit. The mobile strips 2110 may of course be disposed to slide relative to each other, each being 
adapted to be driven by the intermediary of a motor or like means 2111.lt will be understood of course that in 
the case of the figure 4e embodiment the dimensions of the object slit 21 1 may be increased to facilitate 
, implementation of the movable strips, the magnification of the optical system of the device in accordance with 
‘ 20 the invention being adjusted accordingly. 

j One example of an operation for treatment of myopic astigmatism by keratomileusis using the device in 

| ; accordance with the invention shown in figure 4a and scanning of the area to be treated in translation will now 

\ : be described with reference to figure 5a. ~ 

\ The total resulting ablation is in this instance obtained by means of a slit such as that shown in figure 4d, for 

■ t 25 example, the image of the slit or the lobe of the treatment laser beam FLT being displaced in a direction 
perpendicular to the longitudinal axis 0"z in consecutive elementary increments. The elementary 
\ displacement increments being equal, the effect of the treatment Is to produce a channel of uniform parabolic 

; profile. Trie length of the channel is of course equal to the distance over which the slit is displaced and its width 

is equal to the length of the slit. 

30 In a particularly advantageous method of working, two operations are effected along two perpendicular axes 
to achieve complete correction of the cornea COR. 

In the case of myopia, this method of working has the following advantages: 

- It eliminates the problem of precisely focussing the end or the image of the slit on the rotation axis In the 
case of scanning in rotation, and 
35 - it enables ail types of astigmatism to be corrected. 

The longitudinal axis 0"z of the siit being oriented in the direction OX, for example, in figure 2a, irradiation of 
i thQ object slit 21 1 in successive positions spaced by a constant translation increment AY in the direction OY in 

j figure 2a within a range of displacement ranging between -R/YiT and + R/^2 serves to obtain with respect to 

S the axis OX an ablation profile B(X) defined by the equation: 

40 

_L] (27) 
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B(X) = a ( e ) 
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In this equation: 

E(X) represents, of course, the profile of the silt at the abscissa X and A x y represents the constant 
translation displacement increment in the direction Y, the slit being oriented in the direction X, 

- R Is the radius of the area to be corrected centered at O" 

'55 * previously mentioned in this description, when the axes OX and OY from figure 2a correspond to the 

; principal directions of the meridians corresponding to the ends of the curves at the centre of the cornea, the 

ji principal astigmatism directions, the ablation profile to be obtained ts expressed by the equation: 

i: 
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In equation (28) the parameters A x o and A y o satisfies the equations: 
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( 29 ) 
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The ablation function may be regarded as the result of summing two ablation functions, one a function of X 
only and the other a function of Y only. In equations (29) and (30), r* represents the radius of curvature of the 
cornea in the direction OX and r y represents the radius of curvature In the direction OY, r representing the 
radius of curvature of the cornea in a meridian direction at the azimuth angle p previously mentioned. 

Adopting the following notation: 
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the equation for the resulting total ablation function may be written: 


65 


15 



0 296 982 


5 A(X,Y) 


V 1 


2 


X 


2 

R 

x 


2 

Y 

) 


2 

R 

Y 


(34) 


The iso-ablation curves are therefore ellipses in the general case and the equation for the ellipse which delimits 
the ablation contour is: 
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As shown in figure 5a, theory indicates that the resultant ablation should extend from -Rx to + R x on the OX 
axis and from -Ry to + Ry on the OY axis. The ablation profile is thus contained within two orthogonal 
rectangles with respective lengths 2Rx and 2Ry and the same width R^5 and whose common area is square 
inscribed in the circle Ce of radius R centered at O. The ablation profile obtained Is perfect within the square 
where they Intersect although a satisfactory approximation of the ablation profile Is nevertheless obtained 
outside the square in the areas peripheral to the latter, the areas FGH1 in figure 5a, the central area consisting 
of the square being denoted A. 

In the case of pure myopia with no astigmatism, r* = r y and Ao — A*o — AV 

Thus correction or treatment by means of an object slit scanned in translation along two orthogonal 
directions produces an optimal effect where the areas scanned by the treatment laser beam FLT in the 
aforementioned directions intersect, that is over a square in plane projection. 

To extend this action beyond the intersection square and to obtain satisfactory correction over a 
substantial circular area it is possible to extend the lateral scanning of the treatment laser beam FLT while 
modulating the displacement increment Au between two adjacent positions, the aforementioned increment 
Au remaining constant in the Intersection area, of course. 

It has been shown that the ablation profile in the first area made up of the three areas A, F and H (that is for 
-R/l/Z « X £ +R/;/2) is achieved by irradiating a slit parallel to the axis OX and moving by increments A Y x in 
the direction perpendicular to the OY axis. 

Likewise, the ablation profile in the area made up of the area I, A and G (that is for -R/;/2F < Yi R/^2) is 
achieved by irradiating a slit parallel to the OY axis moved In increments A Y x or Au along the OX axis. 

This second operation, correction of the profile along OY, does not modify the profile along an axis parallel 
to OX, but deepens it uniformly (Y constant) in particular by an amount A Y o over all of the axis OX, that is for 

Y - 0. 

To complete the resulting total ablation profile along OX and to avoid any discontinuity for X = ± R/|/2 the 
scanning in translation along OX of the slit which generates the ablation profile along OY can be extended 
beyond these values, with the translation displacement Increment along OX Increasing with X for | X | > RV§. 

The device in accordance with the invention as shown in figure 4a uses the calculation means 8 to determine 
the value of the linear displacement Increment denoted A Y x, for example to obtain an exact extension of the 
parabolic profile for Y = 0, the translation displacement Increment for a corresponding ablation function 
satisfying the equation: 
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The translation displacement increment then satisfies over all of the treatment domain comprising areas F A 
and H in figure 5a the equation: 
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In equations (36) and (37), Rx defines the total irradiation domain in the X direction. 

The resulting total ablation function A x (X,Y) which defines the resulting total ablation in rectangles F and H in 
figure 5a, that is to say for 


JL < i * i « vi*i< JL, 

V2 * V2 

satisfies the equation: 


A (X, Y ) = Em a(e) 
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In this equation E(Y) represents, of course, the profile of the slit used, the slit having its longitudinal axis 0"z 45 

oriented in the Y direction and A Y X corresponding to the values of equation (37) for the values of X Included in 
the areas F and H. 

The working method previously described with a slit procuring scanning of the treatment laser beam FLT in 
translation or using a slit with a parabolic profile as explained previously in this description thus yields an 
ablation profile which over the periphery of the area of an ellipse denoted E in figure 5a, with half-axes R* and so 
Ry, contains eight ■perfect” points by which is meant points of zero ablation. ~ 

Of course, in the case where there is a requirement not to Irradiate the cornea COR beyond an area of radius 
R it is possible to mask the latter with a mask comprising a circular hole of radius R. 

There are shown in figures 5b and 5c respectively a profile characteristic of keratomileusis ablation for 
myopia with no astigmatism and a profile characteristic of keratomileusis ablation for hypermetropla. 55 

In figures 5b and 5c units have not been marked on the coordinate axes. In the case of an operation by 
keratomileusis on myopia, an ablation corresponding to a correction of 15 diopters has a depth of 0.15 mm and 
extends over an area 5 mm in diameter. The initial radius of curvature Is increased to 10.6 mm. 

In the case of figure 5c, in which the units have not been shown on the coordinate axes, an ablation 
corresponding to a correction of 15 diopters has a depth of 0.15 mm and extends over an area 9 mm in so 
diameter. The initial radius of curvature of 7.8 mm is reduced to 5 mm. 

The device in accordance with the invention makes it possible to overcome the limitations of prior art 
devices through the use of an illumination and treatment laser beam the specific shape and displacement of 
which are computed so that their combination produces the required ablation shape. 

When the slit or slits is or are irradiated by a particular pulse from the laser the image of the sllt(s) projected 65 
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! onto the cornea COR is, so to speak, etched on to the surface and causes by photodecomposition the „ 

elementary ablation in question. The sum of these elementary ablations distributed over the cornea in 
accordance with the mathematical laws previously established produces the required modification to the 

* shape of the cornea. 

I 5 Unlike the prior art devices, tn which the concepts of illumination time were involved, the concepts of the 
I laser pulse frequency and of the speed of displacement of the object slit (or its image) are replaced by the 
concepts of linear or angular increments, as appropriate, between two adjacent positions of the Jmage or of 
the lobe of the treatment laser beam. Here "adjacent" is to be understood in the geometrical rather the 
temporal sense, in other words, the fact that two geometrically adjacent, that is to say geometrically 
10 consecutive, elementary ablations are temporally consecutive is not relevant. Generally speaking, they are not. 

All the considerations previously mentioned combined with the concept of a threshold relating to each 
elementary ablation serves through summation of the elementary ablations in question to obtain a corrected or 
treated surface that is particularly satisfactory and the degree of roughness of which is substantially less 
i than 1 \im. 

1 15 In the case of rotational scanning, there is generally projected onto the eye OE a beam whose transverse 
s cross-section is caused to rotate about the projection axis O, which is of course substantially coincident with 

1 the optical axis of the eye to be treated. The cross-section of the treatment laser beam FLT is of elongate 

shape, of course, and in a particularly advantageous way has at least one or several lobes as defined 
previously. The generatrix at the end of the treatment laser beam or the corresponding lobe coincides with the 
\ 20 rotation axis O in figure 2a. The ablation is done by applying the beam to a large number of successive angular 

j positions, spaced by the"appropriate angular increment of rotation about the axis O. To obtain the required 

: correction the cross-section of the treatment laser beam FLT, the energy density per unit surface area of 

1 which is substantially constant, has the profile as defined previously on the basis of the object slits 211. 

In the second embodiment, in particular using the device as shown in figure 4a, the resuiting total ablation Is 
i 25 obtained by scanning the treatment laser beam FLT in translation by successive linear increments. The 

j ! displacement takes place in the direction perpendicular to the longitudinal dimension of the largest dimension 

| ; of the lobe of the laser beam FLT and perpendicular to the optical axis O of the eye OE. Several operations are 

\ 1 needed to carry out a complete treatment. 

; Of course, and in a non-limiting way, it is possible to cany out several operations, for example, the treatment 

? 30 laser beam FLT undergoing after each pass a rotation of a fraction of a circle about the optical axis O. After n 

i passes (n/2 if the beam is symmetrical), the combination of the aforementioned operations produces an nth * 

order circular symmetry ablation more or less approximating the required effect 
i A particularly advantageous instance, as previously described, is the use of a beam of parabolic 

cross-section the lobes of which have a parabolic shape as described previously, the laser beam being » 

35 scanned in two passes along two perpendicular directions. 

| Compared with rotational scanning of the treatment laser beam FLT, scanning in translation for correction of 

j myopia avoids a problem specific to rotary scanned beams, namely that the centre of the eye where the 
ablation is strongest coincides with the centre of rotation and that the latter is situated by design at an end of 
the impact area. In the event of any error in aligning this impact area with respect to the rotation axis, total 
40 absence of ablation (or its opposite, excessive ablation) may result in the immediate vicinity of the centre of 

the cornea. This problem is absent in the case of beams scanned In translation. 

Furthermore, in the case of scanning in translation the choice of this scanning mode (along two orthogonal 
; directions) provides a simple means of correcting astigmatism. For this, it is sufficient for the two orientations 
of the beam along the directions OX and OY to coincide with the principal directions of astigmatism. It then 
, 45 suffices to change the average density of exposure by changing the length of the [inear increments between 

the two orthogonal passes to obtain an ablation of elliptical rather than circular symmetry. 

‘ The translational scanning treatment laser beams may of course be used in various ways, the beams with 

different orientations being applied either successively or simultaneously. 

Another particularly advantageous embodiment of an object slit 21 1 and a diaphragm 21 will be described 

* 50 with reference to figures 6a through 6d. 

Referring to figure 6a and figure 6b, the object sfits as previously shown in figures 3b, 3c, 3d, 3e, 3f, 4b, 4c 
and 4d may advantageously be formed on a diaphragm 21 with a curved surface matching the surface of the 
J cornea COR. This embodiment Improves the quality of focussing of the image of the object slit on the cornea 

'' ? COR. In the case of figure 6a, the curved surface forming the diaphragm 21 Is a spherical dome and the 

1 55 diaphragm may be rotated about its axis of symmetry, as previously described. In the case of object slits 
scanned in translation, the curved surface forming the diaphragm 21 may advantageously, and as shown in 
figure 6b, be a semlcyiindrical surface the longitudinal axis of which is oriented in the translation direction d, 
the object slits having their axis 0"z perpendicular to the longitudinal axis of the aformentloned half-cylinder. 

! A particularly advantageous embodiment of the diaphragm 21 will be described with reference to figures 6c, 

! 60 6d and 6e. 

i, In the aforementioned figure 6c the diaphragm 21 comprises a semicylindricaJ surface of radius R with a 

longitudinal axis 0"'x. The semi-cylindrical surface has an object slit 211 with an aperture or width in the 
direction 0*x denoted E(cp). The aperture is, for example, symmetrical to a plane P orthogonal to the 
longitudinal axis O^x, this plane containing the directions 0*y and 0*z orthogonal to the direction of the 
f 65 longitudinal axis 0*"x. In figure 6c, S represents the middle of the aperture or the width of the slit at a height z 
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corresponding to a given angle tp, the angle (p being defined as the angle between the radius vector CTS of a 
point S on the geometrical locus LS, the curve of symmetry of the object slit 211, and the direction Oy. The 
width E(tp) of the object slit 211 satisfies the equation: 

E((p) - E ( 7) sin 3 tp (39) 

In this equation, E(ti/ 2) represents the maximum width or aperture of the object slit 21 1 for <p =• tU2. 

It will of course be noted, as will be described in more detail later, that in the case of an operation by 
keratomileusis to cure myopic astigmatism the radius R of the semicylindrical surface constituting the 
diaphragm 21 determines the area within which the practitioner operates on the cornea COFUTo give a 
non-limiting example, the aforementioned radius is taken as equal to the operating area, the 'magnification of 
the focussing optics being taken as equal to unity, it is obvious that any semicylindrical diaphragm of 
appropriately similar shape could be used, the magnification of the focussing optics being adapted 
accordingly. 

To correct the cornea COR by keratomileusis for myopic astigmatism, for example, the diaphragm 21 as 
shown in figure 6c is disposed relative to the cornea COR so that its concave side faces towards the area of 
the latter to be treated. The cornea COR is assumed to have a circular surface of radius R' and the object slit 
21 1 as shown in figure 6c is illuminated by the laser beam FL. The longitudinal axis O w x and the transverse axis 
P w y of the diaphragm are oriented in the principal directions of astigmatism OX, OY of the cornea COR, these 
principal directions having been determined beforehand by the practitioner. 

The device in accordance with the invention further comprises drive means 400 for rotating the diaphragm 
21 about the axis 0'"y, the rotation drive means 400 advantageously comprising a stepper motor and two 
rotation half-shafts 401 , 402 driven by the latter. 

As will be noted on observing figures 6c, 6d and 6e, the width E(tp) of the object slit 21 1 which is also shown 
in figure 6c by the intersection of the slit and a plane Q for which the equation is Y = r Cos<p, Is projected on 
the axis OX as an image of width E (a,cp) when the slit 211 is illuminated with parallel light, for example. The 
width of the slit projected on the axis OX satisfies the equation: 

E'(a,tp) — E(<p). sin a (40) 

In this equation, a represents the angle of inclination by which the diaphragm 21 is rotated and in particular 
of the axis O m z thereof relative to the direction OX. The slit 21 1 turns substantially on a sphere with the same 
radius as the cylinder and, as the diaphragm 21 is rotated, any middle point S at a height z corresponding to a 
given angle <p performs a circle CS in the aforementioned plane Q, as shown in figures 6c and 6e. 

If it is assumed that the ablation function A(a,(p) corresponds to the ablation function A(X,Y) defined by 
equation (34) and is proportional to the number of pulses received for an elementary displacement less than 
E'(a,q>) and therefore less than the width E'(a,<p) of the image of the slit on the axis OX divided by the 
elementary displacement Ax(a) (along the OX axis) for each laser pulse, we may write: 

X(a) — R sincpCosa and . da = ^ RsimpCosada - - Rsinq> Sina da 
and AX(a) = R sin <p sinaAa 
whence 


A(X, Y ) = A(a,<f>) 


E 1 (a,*) 
AX(a) 


that is 


that is 

A (a , <*>) 


(E )* 


R Sin<f>Aa 


(41) 


Given the chosen ablation function A(X,Y) defined by equation (34) above, OX and OY are chosen such that 
Rx £ Ry and R is chosen such that R — Ry as shown in figures 6d and 6e in particular. 

Using the same notation as previously, the ablation function may be written: 
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2 2 

AO X Y 

5 A(X,Y) = _ (1 - _ - _) 

2 2 2 
R R 
x 


Given the equations: 

X R simp cosa 
Y =* R cosa 

75 the ablation function becomes: 


(42) 


2 

AO R 2 2 

20 A(X,Y) = A (a,4>) = (1 - cos a) sin <p (43) 

2 2 
Rx 

25 

Given equations (41 ) and (43) above, the ablation function may be related to the law of the aperture of the slit 
E(cp) and the rotation increment Aa by the equation: 


20 

E(<M RAO . 3 R X 2 

” • sin . (1 - cos a) (44) 

Aa 2 2 

35 Rx 


It then suffices to choose: 
40 E(q>) - E ( - ) sin 3 <f> 

and 2 


2 

45 R 2 -1 

Aa = A 0 ( 1 - COS a) 

2 

Rx 

50 

Choosing (E(n/2) and A 0 for a given semicyiindricai diaphragm produces the required profile. 

By modulating the angular rotation increment Aa, the previously described embodiment can correct 
astigmatism of the cornea and myopia without any problems of edge discontinuities at the periphery of the 
55 correction area or excessive ablation at the centre of the cornea. The junction between the corrected area and 
the uncorrected area is perfect. Also, in the absence of any astigmatism the previous equations hold, given 
that Rx *■ Ry ~ R. In all cases, the X and Y ablation functions depend only on a and <p respectively. 

To facilitate use of the device in accordance with the invention as shown In figure 3a or In figure 4a the 
calculation means 8 may comprise a microcomputer 80 with its peripheral devtces. The memory areas of the 
60 microcomputer store programs and/or subroutines for calculating the numbers of laser pulses Nit, NI 2 
previously mentioned in the description, the total irradiation times Ti«n, Tan** and sub-routines for sequencing 
and synchronising the displacement of the treatment laser beam FLT. These sequencing programs are used, 
for example, to generate rotation or translation displacement commands scdr and scdt and laser emission 
commands see. The program or subroutine can also include a program for modulating the rotation increment 
65 f as a function of the azimuth angle (S or the translation increment Au as a function of the value of the X or Y 
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! i 

| , ascissa of the rotation increment Aa. 

! To facilitate the work of the practitioner the microcomputer 80 may further comprise in its memory area a 

! ' "menu“ type program inviting the practitioner, through an interactive type dialogue, to define at least the 

! principal directions of astigmatism of the eyeball relative to a reference marker, the principal directions having 

i : been established by the practitioner as a result of a diagnosis. 5 

| : The "menu" program may advantageously also invite the practitioner to specify the value of the parameter R 

i' defining the optical area for operation and correction of the cornea COR. It may also invite the practitioner to 

designate the treatment method i.e. scanning the object slits or images of the object slits in rotation or in 
translation. Finally, the type of operation may be specified according to the particular case under treatment. 

The microcomputer 80 can of course be connected by a BUS type link to the means 5 for synchronising the 10 
displacement of the image of the lobe or lobes of the treatment laser beam FLT. The means 5 for synchronising 
the displacement of the image may advantageously comprise an input/output interface circuit generating from 
rotation or translation displacement commands scdr and scdt and emission commands see respective 
commands SCDR, SCDT, SCE for the displacement control means 4 and the laser emission means 1, The 
input/output interface circuit will not be described in detail, as it may be provided by any conventional type is 
interface with provision for controlling the stepper motor in particular. 

Finally, to facilitate the work of the practitioner, following his diagnosis, the device in accordance with the 
I invention may comprise a set of diaphragms each comprising an object slit 21 1 as defined and described with 

reference to figures 3b, 3c, 3d, 3e, 3f, 4b, 4c, 4d, 4e, 6a, 6b, and 6c. 

There has thus been described a device for performing surgery on the cornea in which rotational or 20 

translational scanning of a laser beam having at least one lobe of elongate cross-section produces a precise 
law of ablation over the area of the cornea COR of the eye to be corrected. Laboratory tests have shown that, 
compared with prior art devices in which the depth of ablation was controlled by the time of exposure to the 
treatment laser beam, the corrected surfaces after treatment, that is to say the surfaces of the comeg, serving 
as the input optical surface of the eye of the patient, show a much reduced degree of roughness, thus 25 
conferring superior optical qualities on the surfaces of the treated cornea. It has been observed that the 
degree of roughness of the surfaces after treatment does not exceed 1 pm. The degree of roughness of the 
comeal surfaces after treatment with the prior art devices may be explained by the fact that these devices have 
j the disadvantage of applying the laser emission power simultaneously to the major part of the cornea, the 

effect of which is to create an acoustic shock wave resulting from simultaneous vapourising of material over 30 
the anterior surface of the cornea. This kind of phenomenon can also have unwanted physiological 
consequences, such as ejection of endothelium cells, for example. The device in accordance with the 
invention makes it possible to eliminate the disadvantages of these devices since the resulting total ablation 
s when the device in accordance with the invention is used results from the summation of elementary ablations 

\ distributed over the cornea according to precise mathematical laws, each elementary ablation being canled 35 

out with minimal energy density. 

" Of course, the device in accordance with the invention is not limited to refractive eye surgery. It may also 

" constitute a device for shaping or correcting the shape of an object by laser treatment of the surface of the 

object. In this case, the device comprises the means 2 for generating a treatment laser beam FLT comprising 
i! at least one lobe LI ... L6 of elongate cross-section and means 3 for focussing the image of the lobe or lobes of 40 

the treatment laser beam FLT onto the area of the object OE to be corrected. The means 4 for moving the 
image of the lobe or lobes of the treatment laser beam FLT over the area of the object to be corrected serve to 
move the latter over the area of the object to be corrected. The means 5 for synchronising movement of the 
l image of the lobe or lobes of the treatment laser beam FLT over the area of the object OE to be corrected with 

the treatment laser beam pulses serve to perform the correction or shaping by summing a plurality of 45 
elementary discrete ablations. As shown in figure 7, the image of the lobe or lobes of the laser beam Is 
* focussed in such a way that the generatrix of one end of the lobe or lobes or the longitudinal axis of symmetry 

of a lobe or the lobes of the laser beam FLT is coincident with the axis of symmetry OZ of the objept to be 
treated or of an elementary surface of the object to be treated. The means 4 for moving the image of the lobe or 
lobes of the treatment laser beam FLT over the area of the object to be corrected serve to move the image of 50 
i! the lobe or lobes LI ... L6 of the laser beam in rotation about the end generatrix or the longitudinal axis of 

' symmetry of the lobes of the treatment laser beam FLT, The rotation is applied in rotation angle increments. 

J The device corresponds substantially to the embodiment of figure 3a. 

Furthermore, in an embodiment corresponding to that of figure 4a of a device for shaping or correcting the 
shape of an object by laser treatment, the means 4 for moving the image of the lobe or lobes of the treatment 55 
laser beam FLT over the area of the object to be treated provide for movement in translation in a direction d 
substantially perpendicular to the largest dimension Oz of the lobe of the treatment laser beam FLT. The 
movement in translation may be effected in displacement increments Au, the movement In translation being 
defined by u = X or u = Y defining a plane tangential to the surface of the object OE at the point 0 on the axis 
of symmetry of the object or an elementary area of the latter to be treated. 60 

A non-limiting alternative embodiment of the device in accordance with the invention for shaping or 
correcting the shape of an object or for performing refractive eye surgery will be described with reference to 
figure 7 , this embodiment being based on the embodiment of figure 3a or figure 4a. Referring to figure 7, the 
( device in accordance with the invention further comprises a real time shape recognition system comprising at 

least two video cameras 1001 , 1002 viewing the object or the eye OE to be treated and transmitting image data 65 
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to the calculation means 8. The video cameras 1001, 1002 allow for monitoring the progress of the shaping or 
correction of the object during the treatment process. The shape recognition means may comprise shape 
recognition means available through normal trade channels and will not be described in detail. 

As shown in figure 7, a series of mirrors Ml , M2, M3, M4 deflect the treatment laser beam FLT. At least one 
of these mirrors, the mirror M4, is mounted on a gimbal 2000. The two frames of the gimbal mounting are 
shown in cross-section in figure 7 to avoid overcomplicating the drawing. Drive and orientation adjustment 
means for the adjustment mirror comprise DC or stepper motors, for example. These motors are controlled by 
the shape recognition means 1001, 1002 through the intermediary of the calculating means 8, usinga bus type 
link. The shape recognition system therefore serves to monitor the progress of the correction or treatment 
during the process and to control the deflection of the treatment laser beam FLT by means of the mirror M4 in 
the event of uncontrolled movement of the object or of the eye of the patient. In the latter case the practitioner 
can advantageously make coloured marks on the cornea of the patient before the treatment begins, using 
methylene blue, for example. Note, however, that if an arrangement of this kind is used with the device in 
accordance with the invention as shown in figure 4a, the shape recognition means 1001 , 1002 can control the 
focussing lens 430 directly by means of an X-Y movable table 43. 

The device in accordance with the invention is therefore usable for shaping or correcting the shape of 
mechanical objects such as contact lenses or intra-ocular implants and for refractive eye surgery. 


1. Device for shaping or correcting the shape of an object by laser treatment of the surface of the object 
comprising; 

- means for generating a pulsed treatment laser beam comprising at least one lobe of elongate 
cross-section, 

- means for focussing the image of the lobe or lobes of the treatment laser beam onto the area of the 
object to be corrected, 

- means for displacing the image of the lobe or lobes of the treatment laser beam over the area of the 
object to be corrected, and 

- means for synchronising the displacement of the image of the lobe or lobes of the treatment laser 
beam over the area of the object to be corrected with the pulses of the treatment laser beam, the total 
correction or shaping being effected by the summation of a plurality of elementary discrete ablations. 

2. Device according to claim 1, wherein said means for focussing the image of the lobe or lobes of the 
treatment laser beam enable focussing of the image so that the generatrix of an end of the lobe or lobes 
or the axis of longitudinal symmetry of a lobe or lobes of the treatment laser beam is coincident with the 
axis of symmetry of the object to be treated. 

3. Device according to claim 1 or claim 2, wherein the means for displacing the image of the lobe or 
lobes of the treatment laser beam over the area of the object to be corrected enable displacement of the 
image of the lobe or lobes of the laser beam in rotation about the generatrix at the end of or the axis of 
longitudinal symmetry of the lobes of the treatment laser beam. 

4. Device according to claim 3, wherein the rotation is applied in rotation angle increments. 

5. Device according to claim 3 or claim 4, wherein the means for displacing the image of the lobe or 
lobes of the treatment laser beam in rotation comprise: 

- a mask or diaphragm comprising an object slit of elongate shape, said slit being illuminated by the 
laser beam and one end of the slit being disposed at the centre of the diaphragm to generate for the 
treatment laser beam the aforementioned end generatrix or axis of longitudinal symmetry of the lobes of 
the treatment laser beam, and 

- drive means for rotating the object slit or the image of the object slit, 

6. Device according to claim 5, wherein the diaphragm is circular, the drive means for the diaphragm 
comprising: 

- a toothed ring disposed at the periphery of the diaphragm, and 

- a stepper motor the drive shaft of which is fitted with at least one toothed wheel meshing with the 
toothed ring. 

7. Device according to any one of claims 3 through 6, wherein, for refractive eye surgery by laser 
treatment of the cornea, the image of the lobe or lobes of the laser beam and the object slit of the 
diaphragm for treatment of myopia by keratomileusis have a profile satisfying the equation: 
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in which equation: 

Q (p) represents the aperture angle of the slit defined as the angle at the centre of a circle having for its 
centre the aforementioned end of the slit enabling generation of said end generatnx or the axis of 10 

symmetry of the treatment laser beam and for its radius the corresponding value p of the distance from a 
point on the edge of the slit or on the lobe of the laser beam to the centre, 

0(0) represents the aperture angle at the origin end O' of the slit, 

T represents the angular rotation increment, 

Ao represents the thickness of ablation or correction at the centre of the area of the cornea to be 15 
corrected, 

1(e) represents the average thickness removed by irradiation by each laser pulse, and 
R represents the optical area on the cornea on which the cornea is operated on and corrected. 

8. Device according to any one of claims 3 through 6, wherein the image of the lobe or lobes of the laser 
beam and the object slit of the diaphragm for treatment of hypermetropia by keratomileusis or the profile 20 
of the slit satisfies the equation: 


e(/>) 



p e [0, v 
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v < 1 x R 
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in which equation : 

6(p) represents the aperture angle at the origin end 0* of the slit, 

6 m« represents the maximum aperture angle of the object slit, 

T represents the angular rotation increment, 

Ao represents the thickness of ablation or correction at the centre of the area of the cornea to be 
corrected, 

a(e) represents the average thickness removed by irradiation by each laser pulse, and 
R represents the optical area on the cornea on which the cornea is operated on and corrected. 

9. Device according to claim 7 or claim 8, further comprising means for calculating the angular notation 
increment T which, for a given object slit, satisfies the equation: 


r 


a(e) 
®max A 

0 


so 


in which 8m« is the maximum aperture angle of the object slit or of the lobe of the laser beam, 

10. Device according to any one of claims 7 through 9, further comprising means for calculating the 
number Nh of laser pulses and the number of rotation increments T, the number Nli of pulses satisfying 
the equation: 
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in which equation: NDi represents the number of totally separate or adjacent slit images. 

It. Device according to claim 10 f further comprising means for calculating the minimum total irradiation 
time Timtn which satisfies the equation: 


T 

Imin 


r (e) 


II N 


D1 


’•(e) 


A 

0 _ 

a(e) 


in which equation T(e) represents the minimum time interval between two successive irradiations of the 
same point on the cornea. 

12. Device according to any one of claims 7 through It, wherein to compensate for astlgatism of the 
eyeball by re-establishing the symmetry of revolution of the cornea the device comprises means for 
modulating the angular rotation increment T as a function of the azimuth angle (3 defining the meridian of 
the cornea of the eyeball, the angle rotation increment T(p) as a function of the azimuth angle T satisfying 
the equation: 


r( 0) =0 

max 


a (e ) 

A 

Qtfi) 


in which equation 0ma* represents the maximum aperture angle of the object slit and Ao(p) represents the 
ablation at the origin in the vicinity of the optical axis of the eyeball in the direction with azimuth angle p. 

13. Device according to claim 12, wherein for compensating myopic astigmatism of the eyeball or for 
30 removing a disc of constant thickness the device comprises at least one auxiiiary diaphragm with an 

object slit of circular sector shape Q(p) =* k where k is a constant, the auxiliary slit enabling a constant 
ablation at the origin O to be re-established without modifying the radius of curvature of the cornea by 
further irradiation and displacement in rotation by a rotation increment F (P) modulated as a function of 
the azimuth angle p. 

35 14. Device according to any one of claims 7 through 11, wherein for compensating for correction by 

astigmatism of the eyeball and of the cornea the device comprises on the input side of focussing means 
on the path of the treatment laser beam an anamorphic optical system the magnification of which 
depends on the azimuth angle p, the iso-ablation curves on the cornea being ellipses. 

15. Device according to any one of claims 7 through 1 1 , wherein for making a circular incision the device 

40 comprises at least one auxiiiary diaphragm with an object slit of circular arc shape with a specific radius of 

curvature. 

16. Device according to claim 1 or claim 2, wherein the means for displacing the image of the lobe or 
lobes of the treatment laser beam over the area of the object to be treated enable displacement in 
translation in a direction substantially perpendicular to the largest dimension of the lobe of the treatment 

45 laser beam. 

17. Device according to claim 16, wherein the treatment laser beam comprises two lobes or component 
parts of a single (obe symmetrica) relative to a centre of symmetry. 

18. Device according to claim 16 or claim 17, wherein the displacement in translation is effected by 

; displacement increments Au and is defined relative to two reference directions OX and OY, with u — X or 

| 50 u — Y, defining a plane tangential to the surface of the object at the point 0 on the axis of symmetry of the 

\ object. 

19. Device according to claim 18, wherein the means for displacement in translation of the Image of the 
lobe or lobes of the treatment laser beam enable displacement in translation of the latter In two 
orthogonal directions OX and OY. 

, 55 20. Device according to any one of claims 16 through 1 9, wherein the means for displacing the Image of 

the lobe or lobes of the treatment laser beam In translation comprise In succession on the path of the 
; laser beam: 

f - a fixed diaphragm comprising at least one object slit of elongate shape adapted to be illuminated by the 

laser beam, 

50 - a first lens, the object slit being placed in the object focal plane of the lens to generate the lobe or lobes 

of the beam imaging the object slit, 

J - a rotating prism providing (for a rotation of the prism through an angle a) rotation of the emergent light 

beam, the treatment laser beam, through an angle 2a, and 
- a second focussing lens mobile in translation in the directions OX and OY 
55 21. Device according to any one of claims 16 through 20, wherein, for refractive eye surgery by laser 


\ ; 
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treatment of the cornea, the image of the lobe or lobes of the treatment laser beam and the object slit of 
the diaphragm for treatment and correction by keratomileusis for myopia and astigmatism has a 
substantially parabolic profile satisfying the equation: 


2 

1 2 

E(z) = 2 E (" - ~) = 

max 2 2 

R 


u 

A 2 

0 1 u 

E(U) = Au (” - — 

a ( e ) 2 2 
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5 


10 


in which equation: 

E(z) represents the transverse dimension of the slit or of the lobe of the treatment laser beam at the 
abcissa z on an axis of coordinates oriented longitudinally relative to the slit, 15 

Emw represents the maximal transverse dimension of the slit, 

R represents the optical area on the cornea in which the cornea is operated on and corrected, 
u represents the abcissa or position on the coordinate axis oriented longitudinally relative to the slit itself 
oriented in the direction OX or the direction OY, 

Au represents the translation displacement increment in the direction OY or in the direction OX, and 20 

A u o represents the thickness of ablation or correction at the centre of the area of the cornea to be 
corrected on displacement in translation of the object slit or of the lobe of the treatment laser beam in the 
direction OY or in the direction OX, 

a(e) represents the average thickness removed by irradiation by each laser pulse. 

22. Device according to any one of claims 16 through 20, wherein, for refractive eye surgery by laser 25 
treatment of the cornea, the image of the lobe or lobes of the laser beam and the object slit of the 
diaphragm for treatment and correction by keratomileusis of hypermetropia and hypermetropic 
astigmatism has a substantially parabolic profile satisfying the equation: 

30 


E(z) 


Emax 



u 

A 

E ( u ) = Au 0 
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in which equation: 

E(z) represents the transverse dimension of the slit or of the lobe of the treatment laser beam at the 4 Q 
abcissa z on an axis of coordinates oriented longitudinally relative to the slit, 

Emax represents the maximal transverse dimension of the slit, 

R represents the optical area on the cornea in which the cornea is operated on and corrected, 
urepresents the abcissa or position on the coordinate axis oriented longitudinally relative to the slit itself 
oriented in the direction OX or the direction OY, 45 

Au represents the translation displacement increment in the direction OY or in the direction OX, and 
A u o represents the thickness of ablation or correction at the centre of the area of the cornea to be 
corrected on displacement in translation of the object slit or of the lobe of the treatment laser beam in the 
direction OY or in the direction OX. 

23. Device according to any one of claims 1 or 5 through 8 or 1 3 or 1 5 or 21 or 22, wherein the object slits so 
are formed on a diaphragm forming a curved surface. 

24. Device according to claim 23, wherein the diaphragm comprises a semlcyllndricai surface of radius R 
with a longitudinal axis, the object slit having an aperture E(cp) or width in the direction O^x symmetrical 
with respect to a plane orthogonal to the longitudinal axis 0"x, this plane containing the directions O^y 

and 0"z orthogonal to the direction of the longitudinal axis 0"x, the width of the object silt satisfying the 55 
equation: 

E(d>)-E(;)sin3<p 
in which equation: 

- cp represents the angle of the radius vector of a point on the curved geometrical locus of symmetry of 

the object slit and of the direction Oy, and 60 

- E(*/2) represents the maximal width or aperture of the object slit for <p - tt/2. 

25. Device according to claim 24, wherein for correcting the cornea by keratomileusis for myopic 

astigmatism, the diaphragm having its concave side facing towards the cornea and the object slit being 
illuminated by the laser beam, the longitudinal axis 0~x and the transverse axis O w y of the diaphragm 
being oriented in the principal directions of astigmatism OX, OY of the cornea, the device further 55 
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comprises drive means for rotating the diaphragm about the axis O^'y- 

26. Device according to claim 25, wherein the drive means for rotating the diaphragm about the axis O^y 
consist in a stepper motor enabling the diaphragm to be rotated in rotation increments Aa satisfyinq the 
equation: 


R 2—1 

Aa= A0(1 - COS a) 


in which equation: 

- a represents the inclination of the diaphragm and of the axis O w z relative to the reference direction 
OX, and 

-AO represents the minimum angufar rotation increment for a = n/ 2 . 

27. Device according to claim 21 or claim 22, further comprising means for calculating the translation 
displacement increment Au in the direction OY or OX which, for a given object slit, satisfies the equation: 


Au = Emax 


28. Device according to claim 21 or claim 22, further comprising means for calculating the number NI 2 of 
laser pulses and the number of translation displacement increments Au in the direction OY or OX, the 
number NI 2 of pulses satisfying the equation: 


2n 0 

NI = — = ND 

2 Au 2 a(e) 


in which equation N D 2 represents the number of totally separate or adjacent images. 

29. Device according to claim 28, further comprising means for calculating the minimum total irradiation 
time T 2 mtn which satisfies the equation: 


T (e) 

T t * NI = r(e) 

2min 2 ND 


in which equation x(e) represents the minimum time interval between two successive irradiations of the 
same point on the cornea. 

30. Device according to any one of claims 24 through 26, further comprising means for calculating the 
rotation translation displacement increment Aa which satisfies the equation : 


R 2 — 1 

Act = AO ( 1 - COS a) 
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31 . Device according to claim 3 or claim 5 or claim 1 6 or claim 20, wherein the object slits are symmetrical 
with respect to a longitudinal axis of symmetry. 

32. Device according to claim 31, wherein the object slits have an edge at the end of curvilinear shape 
symmetrical with respect to the longitudinal axis of symmetry, the curvilinear shape departing from the 
vanation law p = constant to eliminate edge effects from the total ablation. 

33. Device according to claim 32, wherein the curvilinear shape is continuously concave with no poirrt of 
inflection or concave and convex with a point of inflection. 

34. Device according to claim 3 or claim 5 or claim 16 or claim 17, wherein the object slit has an 
adjustable profile to enable compensation of Irregular distribution of energy in the cross-section of the 
treatment laser beam or a lobe thereof. 

35. Device according to claim 34, wherein the adjustable slit comprises at least one edge made up of 
strips mobile in translation in a direction perpendicular to the longitudinal axis of the slit. 

36. Device according to any one of claims 9 through 15 or any one of claims 27 through 29, wherein the 
calculation means comprise a microcomputer with its peripheral devices in the memory areas of which are 
stored programs and/or subroutines for calculating the numbers NIi, NI 2 of laser pulses and the total 
irradiation times Timin. T 2 mm, for sequencing and synchronising the displacement of the treatment laser 
beam, for generating commands for displacement in rotation or translation and laser emission 
commands, this last program being stored in a main memory of the computer, and for modulating the 
rotation increment T(p) as a function of the azimuth angle p or the translation increment Au, the rotation 
increment Aa. 

37. Device according to claim 36, wherein the microcomputer further comprises, stored in its memory 
area, a "menu" type program inviting the practitioner by means of an interactive dialogue to define at 
least: 

- the principal directions of astigmatism of the eyeball, relative to a reference marker, 

- the value of the parameter R defining the optical area within which the cornea is operated on and 
corrected, 

- the operating mode of the object slit or object slit Image treatment (translation or rotation), 

- the type of operation. 

38. Device according to claim 35 or claim 36, wherein the means for synchronising displacement of the 
image of the lobe or lobes of the treatment laser beam comprise an input/output interface circuit 
producing from rotation and translation displacement commands and emission commands respective 
commands for the displacement control means and the laser emission means. 

39. Device according to any one of the preceding claims, further comprising: 

- real time shape recognition means comprising at least two video cameras for viewing the object to 
be corrected and transmitting image data to the calculation means, the video cameras serving to monitor 
the progress of the correction or shaping of the object during the process: 

- a series of mirrors for deflecting the treatment laser beam one at least of which, referred to as the 
adjustment mirror, is mounted on a gimbal, and 

- drive and orientation adjustment means for the adjustment mirror comprising motors controlled by 
the shape recognition means through the Intermediary of the calculation means. 

40. Set of diaphragms each comprising an object slit as defined in any one of claims 7, 8, 12, 15, 21, 22 or 
23. 

41. Use of the device according to any one of claims 1 through 6 or 16 through 20 for shaping or 
correcting the shape of mechanical objects such as contact lenses or intra-ocular implants. 

42. Use of the device according to any one of claims 1 through 39 for refractive corneal surgery. 

43. Device for shaping or correcting the shape of an object by laser treatment of the surface of the object 
substantially as hereinbefore described with reference to any of the embodiments shown In the 
accompanying drawings. 
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Ablation of the Cornea and Synthetic Polymers Using 
a UV (213 nm) Solid-State Laser / 

QIUSHI REN, RAYMOND P. GAILITIS, KEITH P. THOMPSON, and J. T. LIN 


Abstract— In this paper, we studied photoabiation of the porcine cor- 
nea and synthetic collagen with 213 nm radiation generated by the fifth 
harmonic from a ^-switched Nd: YAG laser. The new nonlinear crys- 
tals, beta barium borate (BBO), with specific angle cutting were used 
to optimize the fifth harmonic generation (213 nm). For comparison 
purposes; the above materials were also ablated by 2 66 am (fourth- 
harmonic) laser radiation. Light and electron microscopy demon- 
strated that the damage zone created by 213 and 266 nm radiation are 
< 1 and IS /im, respectively. The ablation similarity between 193 and 
213 nmi demonstrated in our paper opens major opportunities for the 
development of a new corneal sculpting system based on solid-state laser 
technology which will overcome difficulties associated with excimer 
laser, j, 

\ 1 

! Introduction 

I N recent years, there has been a growing interest in the 
possible use of lasers for corneal refractive surgery [1]- 
[3]. Laser technology may offer more accurate, precise, 
and controllable procedures than existing techniques for 
correcting refractive errors. This requires proper selection 
of laser parameters (such as wavelength, pulse duration, 
energy density, etc.) and the development of a practical 
beamjdelivery system. 

For comeal ablation, two spectral regions, far-UV and 
mid-infrared (2. 7-3.0 /im) have shown potential for cor- 
neal surgery by different mechanisms [4], [5], The argon 
flourijie excimer ( 193 nm) has been shown to create par- 
ticularly clean cuts without adjacent tissue damage. How- 
ever,! this laser is relatively large, expensive, uses sub- 
stantial quantities of a dangerous gas (fluorine), and is 
generally limited to low pulse rate operations. Because of 
the High spatial mode operation of the excimer laser, a 
complicated beam delivery system must be designed for 
proper corneal reshaping. Currently available systems 
have! limited flexibility, and they are limited to creating 
simple spherical or spherocylindrical surfaces. 

With the development of new nonlinear crystals [6], [7] , 
it is possible to generate fifth harmonic radiation 
(2131, nm) from a Q-switched Nd : YAG laser with reason- 
able! energy output and with pulse length similar to that 
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from an excimer laser. From the technical point of view, 
the fifth harmonic Nd:YAG laser (213 nm) is a solid- 
state laser and easy to use and maintain. Further research 
with solid-state lasers will provide additional possibilities 
for optimizing laser pulse duration. Moreover, the YAG 
laser can be rapidly pulsed (KHz range) allowing the beam 
to be scanned onto the target in any pattern desired by 
using the state-of-art scanning technology. Thus, the 
demonstration that the fifth harmonic Nd:YAG laser (213 
nm) provides precise material removal is important re- 
garding near future technological development of laser 
system for corneal surgery. 

In this paper, we report ablation of the cornea and 
synthetic collagen epikeratoplasty material using a 
Q-switched Nd:YAG laser in the fifth (213 nm) and 
fourth (266 nm) harmonics. Damage zones for the 213 
nm and the 266 nm laser radiation are < 1 and 15 fim , 
respectively. Results suggest that this solid-state laser 
could replace excimer lasers in performing laser keratom- 
ileusis. In addition, we present the features of a new non- 
linear crystal, beta barium borate (BBO) which was used 
in the experiment for the generation of fourth and fifth 
harmonics. 

Material and Method 
Generation of 213 nm UV Radiation 

A schematic of the experiment is shown in Fig. 1. A 
flashlamp-pumped Q-switched Nd:YAG laser (Quantel 
model 580) operating at 10 Hz and 10 ns with a linearly- 
polarized TEMqo output energy of 50 mJ per pulse at 1064 
nm was used. This fundamental beam was focused into a 
type-I doubling crystal of CD ♦A to perform the second 
harmonic generation (SHG) at 532 nm. The fourth har- 
monic generation (4HG) was obtained by doubling the 
green radiation in a BBO (type I) crystal. The fifth har- 
monic generation (5HG) was generated by frequency 
mixing of the fundamental ( 1064 nm) and the 4HG (266 
nm) in another BBO crystal (type I). These BBO crystals 
were angle-cut at 47.6° and 51.1° for type I 4HG and 
SHG, respectively [7]. We note that the combination of 
type I SHG, 4HG and SHG provides the simplest setup 
for the generation of the SHG from an Nd:YAG laser. 
Proper polarization of the 4HG and the fundamental beam 
is necessary to achieve production of the fifth harmonic 
by the mixing crystal. A 90° shift in polarization occurs 
in the SHG crystal and another 90° shift occurs in the 
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Fig. 1. A schematic of the experiment setup. CD* A type-l crystal was 
used for SHG. Two type-l BBO crystals with angles cut at 47 6° and 
51.1® were used for4HG and 5HG, respectively. An energy output 0.4 
± 0.05 mJ /pulse for 213 am or 2.3 ± 0.1 mJ/pulse for 266 nm was 
obtained in our experiment. 


4HG crystal, such that the fundamental and 4HG beams 
are parallel polarized. An output energy of 0.4 ± 0.05 
and 2.3 ±! 6.1 mJ/ pulse was achieved at 213 and 266 
nm, respectively, using the following crystal specifica- 
tions (crystal length): CD*A (20 mm), BBO (for 4HG, 
cut at 47.6®, 6.5 mm), and BBO (for5HG, cut at 51.1°, 
7 mm). All crystals were supplied by the JTT company 
(Winter Springs, FL). 


Biomateridl Ablation 

Fresh porcine corneas with an average thickness of 600 
jim, 100 jim thick synthetic epikeratoplasty lenticules 
^composed of type I collagen (provided by Bioetica, Port- 
land, ME) [were used for ablation study. Before ablation 
i;bf each cornea, the epithelial layer was mechanically re- 
Wmoved. ‘ 

® For the 2,13 nm study, the laser beam was scanned at 
45). 1 mm/s -across the specimens three times by manually 
^driving a micrometer translation stage. Other samples 
J;were focally irradiated by the laser. The spot size energy 
ypf 213 nmUaser radiation was 0.2 mm in diameter, and 

1 0.4 ± 0.05 mJ/ pulse, respectively. 

4- For the fourth harmonic (266 nm) study, the corneas 
"zand synthetic lenticules were scanned under the laser 
jfbeam. Thejspot size and the energy of the laser beam were 
1 mm in diameter, and 2.3 ±0.1 mJ/pulse. The purpose 
Bof this study was to compare the damage to that produced 
Bby the excision 213 nm wavelength. 

2 Immediately after ablation, each sample was examined 
under a dissecting microscope and then fixed in either a 
solution of 2% paraformaldehyde for light microscopy or 
2.2% glutafadehyde for electron microscopy. 


j ! Results 

213 nm Ablation 

Examination with a dissecting microscope immediately 
after 213 rim ablation revealed clean surfaces with no ad- 
jacent damage evident in any of the three different sam- 
ples. The jgross appearance was similar to ablation per- 
formed with the ArF excimer laser at 193 nm from our 
own experience. 2100 pulses of 0.4 ± 0.05 mJ per pulse 
(210 s) were needed to perforate the porcine cornea and 
100 pulses (10 s) of the same energy were necessary to 
ablate through the 100 jxm thick synthetic lenticules. 

From our preliminary experiment described above, the 
ablation raie for 2 13 nm was estimated to be 0.3 jim/ pulse 



Fig. 2. Photograph for scanning electron microscopy (SEM) on the syn- 
thetic collagen. The finger-like mic restructure was noted with well-pre- 
served shape. 


for porcine cornea and 0.8 jx m/pulse for synthetic lenti- 
cules at 1.2 J/cm 2 radiant exposure level. Assuming that 
the ablation threshold is proportional to the absorption 
depth, we interplate the results obtained in [8], and esti- 
mate the ablation threshold at 213 nm is 100 mJ/cm 2 . 


266 nm Ablation 

Examination of porcine cornea with the dissecting mi- 
croscope showed clean ablation similar to those observed 
with 213 nm. On the synthetic epikeratoplasty lenticules, 
however there was some slight charring at the edges. A 
total of 1800 pulses were used during the scan. 

Histopathology 

Scanning electron microscopy (SEM) on the synthetic 
collagen (Fig. 2) revealed an extremely clean ablation, 
with a finger-like microstructure noted at the edge of the 
excision. 

Light microscopy (Fig. 3) and transmission electron 
microscopy (TEM) (Fig, 4) of the 213 nm ablation re- 
vealed a clean linear excision with no evidence of adja- 
cent tissue damage at the margin of the excision. The 
structure of the collagen lamellae were preserved. The 
damage zone is about 0.5 jim. 
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Fig. 3. Light microscopy of the porcine cornea ablated by 213 nm radia- 
Uion at 1.2 mJ/cnr. The scale bar represents 100 



j > 

Fig. 4. Transmission electron microscopy of the porcine cornea ablated by 
213 nm radiation at 1.2 J /cm 2 . The scale bar represents 5 ^m. The struc- 
ture of|the collagen lamellas was well preserved. The damage zone is 
about 0.5 

j i 

Light jmicroscopy (Fig, 5) and TEM (Fig. 6) of 266 nm 
ablation; showed a 15 /zm damage zone of denatured col- 
lagen and lamellar disruption. 

Similar observation has been reported when compared 
excimer laser ablation of the cornea at 193 nm (ArF) and 
248 nrri (KrF) [8], [9]. 



Fig 5. Light microscopy of the porcine cornea ablated by 266 nm radia- 
tion. The scale bar represents 100 pm. 


Discussion 

Our preliminary experiment first demonstrated that the 
fifth-harmonic Nd : YAG solid-state laser (213 nm) is ca- 
pable of ablating the cornea and synthetic epikeratoplasty 
materials with a comparable degree of precision and tis- 
sue damage as the 193 nm ArF excimer. This experiment 
opens major opportunities for the development of a novel 
corneal sculpting system based on solid-state lasers which 
may overcome difficulties associated with excimer lasers. 

More UV (at 213 nm) energy (1-3) mJ may be ob- 
tained by using longer (8-9 mm) BBO crystals with the 
appropriate antireflection dielectric coatings on each non- 
linear crystal. In this study, the laser was operated at the 
smgle-mode (with a maximum fundamental energy of 50 
mi /pulse in our model). Much higher UV (213 nm) en- 
ergy ( 20-50 mJ ) may be achieved with multimode oper- 
ation in our system. For better control of our ablation pro- 
cess, however, we prefer a single-mode output of the UV 
radiation. In an up-graded system with 200 mJ TEMoo 
fundamental energy, we should be able to generate 213 
nm with energies of ( 10-20 mJ) when the nonlinear crys- 
tals are optimized in lengths and with AR-coated sur- 
faces. 

So far. a number of beam delivery systems have been 
developed based on the ArF excimer laser and are cur- 
rently undergoing clinical investigation for corneal re- 
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fjg. 6. Transmission electron microscopy of the porcine cornea ablated by 
4^266 nm. The scale bar represents 5 pm. A 10-15 pm damaged zone with 
^denatured collagen and lamellar disruption was observed. 


^active surgery [10]— [12]. Different methods used by 
these systems include expanding or constricting dia- 
{Siragms controlled by a computer, rotating wheels with 
varying sized apertures and slits, scanning a mathemati- 
cally defined slit, and ablation of preshaped mask. All of 
these concepts were developed based on surface ablation 
if&ing commercially-available excimer laser systems with 
rectangular beam patterns (usually 25 x 7 mm) and low 
operating repetition rates ( 10-20 Hz). Due to limitations 
imposed by low repetition rates, these systems must treat 
relatively large areas with each pulse in order to complete 
the treatment within a reasonable clinical time frame 
( — 60 s) andjthey leave a step-like contour to the cornea 
surface whenj using an aperture wheel [12] or discretely 
expanding and constricting diaphragms [11]. 

On the other hand, an ultrafast surface scan made pos- 
sible by the use of a solid-state laser could introduce a 
new concept of cornea reshaping and allow the smooth- 
ness of the corneal surface to be controlled within submi- 
crometer accuracy without lengthening the surgical pro- 
cedure. With J a fast scan mechanism, each pulse etches 
away a very thin layer of the tissue (submicrometer) within 
small area. Since the laser beam spot is rapidly scanned 
away from the ablated area, the interaction between laser 
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beam and debris generated by ablation process (comeal 
tissue plume) will be significantly reduced. 

The most important feature offered by a rapicfpulsed 
scanning UV laser system is the ability to custom contour 
a surface to any desired shape without limitation to spher- 
ical or cylindrical correction. This will allow correction 
of all optical aberrations, not just sphere and cylinder, 
when used for comeal sculpting or laser adjustable syn- 
thetic epikeratoplasty (LASE) [2]. — 
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Solid State Ultraviolet Laser (213 nm) 
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Collagen Lenticules 
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We used a Q-switched Nd:YAG laser with non-linear optical crys- 
tals to produce the 5th (213 nm) and the 4th (266 nm) harmonic 
frequencies. Using these two wavelengths, we ablated fresh por- 
cine corneas and type I collagen synthetic epikeratoplasty lenti- 
cules. For the 213-nm ablation, radiant exposure was 1.3 J/cm 2 . 

The ablation rate was 0.23 pm per pulse for the epikeratoplasty 
lenticules. We examined all tissues with light microscopy, trans- 
mission electron microscopy, and scanning electron microscopy. 
Histology for the 213-nm ablation showed a clean ablation crater 
with minimal collagen lamellae disruption and a damage zone 
less than 1 pm. In comparison, the 266 nm radiation showed more 
charring at the edges with a damage zone approximately 25 pm 
deep with disruption of the stromal lamella. 

Our results show that this solid state UV laser is a potential 
alternative to the excimer laser for cornea surgery. 

Key words: collagen, excimer Lasers, non-linear optical crystals, refractive surgery 


INTRODUCTION 

| Excimer lasers are being investigated for 
their potential use in refractive keratoplasty [1], 
glaucoma filtering procedures [2], and cataract 
removal [3,4], Early clinical reports describing 
the use of argon fluoride (193 nm) excimer lasers 
to reduce myopia in blind, partially sighted, and 
sighted eyes have documented general efficacy 
with minimal subepithelial haze and fair refrac- 
tive! predictability for eyes with less than 6.00 di- 
opters (D) of myopia [5-12]. There are several 
practical drawbacks to the current generation of 
argon fluoride excimer lasers. First, they use flu- 
orinie gas, which must be carefully contained so as 
not to escape to the atmosphere and cause harm to 
patients and operating room personnel, must be 
changed frequently because of its short half-life, 
and jis corrosive to the laser cavity and resonator 
optics. The lasers are large and difficult to move. 
TTiey ; require frequent maintenance checks and 
change in optical components in order to function 

reliably. The lasers are limited to the relatively 

I! 1 
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slow pulse frequency of 5-10 Hz. Because of the 
high spatial mode of operation, the laser beam 
must be manipulated through a complex delivery 
system in order to obtain a more homogeneous 
beam of the desired shape before exposing it to the 
cornea. The cost of the lasers is at this time pro- 
hibitive to most individual ophthalmologists. 

A solid state laser that produces a wave- 
length near 193 nm could eliminate many of these 
disadvantages: eliminating the problems with 
gases; making the laser more compact, mobile, 
relatively maintenance free; increasing beam ho- 
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Fig. 1. Schematic or laser arrangement. SHG - second harmonic generator; 4HG = fourth 
harmonic generator; SHG = fifth harmonic generator. 


mogeneity; reducing cost; and utilizing a fast 
pulse frequency that would enable a delivery sys- 
tem to scan the corneal surface very rapidly with 
a small spot for more refined ablation profiles. If 
such a scanning system were linked to a comput- 
erized corneal topography system, this could be 
effectively used to reshape the cornea or recon- 
tour synthetic epikeratoplasty lenticules [13]. 

| In this paper, we report using a Q-switched 
Nd:YAG laser to generate the fifth (213 nm) and 
the fourth (266 nm) harmonic to ablate the cornea 
ani synthetic collagen materials. With light and 
scanning electron microscopy, we show that the 
damage zones for the 213-nm laser are less than 1 
pm and for the 266-nm laser less than 10 pm. We 
also discuss the use of a scanning laser delivery 
system that may produce correction of spherical 
and i astigmatic refractive errors as well as irreg- 
ular corneal surfaces. 

MATERIALS AND METHODS 
Laser and Delivery System 

5 A schematic of the experimental setup is 
shown in Figure 1. A more detailed description of 
thej experimental setup has been published previ- 
ously [14]. The laser was a flashlamp-pumped, 
Q-s^witched Nd:YAG laser (Quantel model 580) 
operating at 10 Hz and 10-ns per pulse with a 
TEM 00 output energy of 50 mJ per pulse at 1,064 
nm! jThe fundamental beam was focused into a 
CD?A non linear optical crystal to obtain the sec- 
ond! harmonic frequency of 532 nm. The 4th har- 
monic frequency (266 nm) was obtained by dou- 
bling the green radiation in a beryllium 
boroxylate (BBO) crystal. The 5th harmonic fre- 
quency (213) was generated by frequency mixing 
of the fundamental (1,064 nm) and the 4th har- 
monic (266 nm) frequency in another BBO crys- 


tal. Output energy was measured with a jouleme- 
ter (ED2Q0, Gentec, Quebec, Canada). An output 
energy of 0.4 ± .05 mJ per pulse was achieved for 
the 213 nm radiation. This was focused to a 200 
pm spot size with a biconvex quartz lens giving a 
radiant exposure of 1.3 J/cm 2 . The following crys- 
tal specifications were used: CD* A (200 nm long), 
BBO (for fourth harmonic, cut at 47.6°, 6.5 mm 
long), and BB.O (for fifth harmonic, cut at 51.1°, 7 
mm long). At 266 nm, the output energy was 2.3 
± 0.1 mJ per pulse focused into a 200 pm spot 
size, giving a radiant exposure of 7.3 J/cm 2 . All 
crystals were supplied by JTT Company (Winter 
Springs, Florida). 

Ablation of Tissue and Collagen Lenticules 

Six fresh porcine cornea in whole globes and 
six 100 pm thick dehydrated type I collagen lent- 
icules (Bioetica, Portland, Maine) were ablated. 
Prior to ablation, the epithelium was scraped 
from the porcine corneas with a blunt spatula. 
The globes were mounted on an XY micrometer 
stage and placed in front of the focused laser 
beam. The surface of the cornea was exposed to 
the laser for an average of 70 seconds while the 
globe was manually moved back and forth three 
times with the XY stage to obtain a horizontal 
linear excision approximately 3 mm long and 0.2 
mm wide. This was done for both the 213-nm and 
the 266-nm wavelengths. Three eyes received ab- 
lations with the 213-nm wavelength and three 
eyes with 266-nm wavelengths. The dehydrated 
synthetic collagen lenticules were mounted to the 
XY stage, and the above procedure repeated, mov- 
ing the stage back and forth three times. 

The ablation rate was measured with the 
213-nm configuration only. This was done by ex- 
posing a known-thickness bovine cornea as mea- 
sured with an ultrasonic pachometer and a 
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known-thickness synthetic collagen lenticule to 
the laser and counting the number of pulses 
needed to perforate the tissue and the biomaterial 
respectively. 

1 

Tissue Preparation 

After ablation, each specimen was examined 
under a dissecting microscope, and slit-lamp pho- 
tomicrographs were taken to demonstrate the 
gross ablation slit. The porcine cornea was dis- 
sected off the globe using corneo-scleral scissors 
and was bisected. One half was fixed in 2 % 
paraformaldehyde and the other half was fixed in 
2-2% glutaraldehyde . The synthetic collagen ma- 
terial after ablation was bisected, and placed in 
the two solutions. 

| The samples in 2% paraformaldehyde were 
processed and sectioned into 3-p.m-thick sections 
wjith a microtome. They were stained with hema- 
toxylin and eosin. The samples stored in glutar- 
aldehyde were processed for transmission and 
scanning electron microscopy as described previ- 
ously [15]. The depth of the damage zone was then 
determined by examining the photomicrographs 
at known magnification and measuring the depth 
of ablation and the width of the anatomically al- 
tered tissue between the edge of the ablation cra- 
ter and the normal cornea. These were compared 
w ith light and electron photomicrographs of cor- 
neas and lenticules ablated with the 193 nm ArF 
excimer laser as reported previously [15], 

RESULTS 

Ablation With the 213 nm Nd:YAG 

‘ Gross Examination. Examination of the 
corneas and lenticules with a dissecting micro- 
scope immediately after the 213 nm ablation re- 
vealed smooth surfaces with no evidence of tissue 
fragmentation or charring in any of the samples 
(F(ig. 2). The gross examination was similar to ab- 
lations obtained with the 193 nm ArF laser. 

; Two hundred ten seconds were needed to per- 
forate the 483 |xm thick porcine cornea, and 10 
seconds were necessary to perforate the 100-p.m- 
thick synthetic lenticule; therefore, the ablation 
rate at 213 nm was estimated to be 0.23 p.m per 
pulse for the porcine corneas and 1.0 (xm per pulse 
for synthetic collagen lenticules at 1.3 J/cm 2 ra- 
diant exposure. 

Histopathology and Ultrastructure. Light 
microscopy of the porcine cornea showed a smooth- 
walled ablation crater lined with a thin zone of 
darkly staining material (fig. 3c). Normal collagen 



Fig. 2. Slit lamp photo of cornea after UV solid state laser 
ablation. Upper excision produced by linearly scanning a spot 
across the cornea with 266-nm radiation. Lower excision pro- 
duced with 213 nm. 


lamellae and keratocytes were present adjacent 
this zone. Transmission electron micrographs re- 
vealed a relatively smooth edged ablation crater 
with an abnormal dark-stained zone of disorga- 
nized and disrupted lamellae ranging from 0 to 0.6 
p.m wide (Fig. 3d). The collagen lamellae adjacent 
to this zone of damage remained well organized 
with an occasional vacuolated keratocyte within 
the lamellae. The average width of the damage 
zone appeared to be approximately 0.3 pun. Scan- 
ning electron microscopy revealed an ablation cra- 
ter with relatively smooth walls. There was no 
charring noted on the edges (Fig. 4). 

Light and transmission electron microscopy 
of the collagen lenticule showed a darkly staining 
disorganized zone approximately 1 pun wide. 
Scanning electron microscopy showed a smooth- 
walled ablation crater with several rows of finger- 
like projections parallel to the ablated slit (Fig. 5). 
The tips of these projections were separated from 
each other by approximately 6 pun. They became 
less prominent further away from the ablation 
zone. 

Ablation With the 266 nm Nd:YAG 

Gross Examination. Examination of the 
porcine corneas with a dissecting microscope 
showed ablation devoid of charred tissue similar 
to those observed with the 213 nm laser (Fig. 2). 
On the synthetic epi keratoplasty lenticules, how- 





213 LM 



ggfe' 




'-fZ&S&Z- - 


! - §£££& 

; 

•’■^^52?-:' ~~ ~ 

266 LM* V ' r - »/ : ‘ 

SlniHft* micr0 ^°py and ultrastructural comparison of 

l!L nw T£ RA J 66 - nm COrneal ablations, a: Exrimer 
laser (193 nm ArF) ablated rhesus monkey cornea Hematox 

smooth'^ (H&E ! Stain ' x200 - Ablated surface appears 
(193nm AiF)Tbll?/J ? lk “* n disru P t,on - b: Excimer teser 
eraoh trt don a ^ r ^ eSUS monke y cornea electron micro- 
aJ^ 1,49 °‘ Arrows de P lc t 0-3 mm electron dense conden- 

H&eIS^h C ° llagen lamel,ae are undisturbed, c: 

Suh 2i?nm rid h V miCro f e aP c ° f 3 P° rcine cornea ablated 
wUh 213-nm radiation, x 25. Smooth ablation crater with a 


Sfete; 



T iff**. ,/ .x£&r, ^ J 


IL266 EM ' ’*>-• ' ^ 

ntrmalT ° f darkly staining material (arrows) adjacent to 
~Tr S C ° rneal 9tr0ma - d: Transmission electron 
lTnn T^ h f P ° rCme C0rnea ablated with 213-nm radia- 
tion. There is a smooth ablated edge with a darkly colored 
zone ran ?n g from 0 (single arrows) to 0.6 mm2(S 
arrows). The collagen lamellae adjacent to the dark zone bd- 
pears to be normally organized. Bar = 5 nm. e: H&E stained 
micr °8raph of a porcine cornea ablated with 266 nm 
radiation. *25 An irregular zone of darkly staining material 

jacenff t^the da* ab ‘ at, ° n Normal Stroma 13 ad! 
S * the dama 8 e me. f: Transmission electron micro- 

eroUacuol 






560 Gailitis et al. — 



Fig. 4. Scanning electron micrograph of porcine cornea ablated with 213-nm radiation. Left, 
x 52. Right, x 304. Central portion of slit (box) ablated more than either end. Relatively 
smooth ablated surfaces are apparent. 


ever, there was slight charring at the edges of the 
ablated area. 

Histopathology and Ultrastructure. Light 
microscopy of the porcine cornea showed an irreg- 
ular ablation crater with several excavated areas 
(Fig. 3e). A zone of dark staining material of vari- 
able thickness was adjacent to the ablation crater 
which varied in thickness. The underlying stromal 
cornea lamellae appeared to be normal without 
disruption. There were many normal appearing 
keratocytes within the stroma. Transmission elec- 
tron microscopy showed a dark disorganized zone 
approximately 15 |i.m thick containing several 
vacuolated areas (Fig. 3d). Collagen lamellae and 
keratocytes adjacent to this dark zone appeared to 
be normal. 

t Light and transmission electron microscopy 
ofjthe synthetic collagen material revealed a dark 
staining area 8-10 p.m thick adjacent to the cra- 
ter. 

DISCUSSION 
NtkYAG Laser 

ii 

j In order to generate an ultraviolet frequency 
from a solid state laser we used nonlinear optical 
crystals to alter the wavelength from a standard 
flash pumped Nd:YAG laser (Fig. 1). This has 


previously been described in generating the 
fourth harmonic (266 nm) of the Nd:YAG laser 
and making corneal incisions [16]. 

Although we have used the solid state laser 
to generate an ultraviolet wavelength of 213 nm 
close to that of the 193-nm ArF excimer laser with 
a solid state laser, there are several concerns per- 
taining to the non-linear optical crystals used in 
this process. Generally, the best crystals are ob- 
tained from China, where they are grown under 
careful supervision.- The crystal surfaces have to 
be cleared carefully so that the incoming laser 
beam will have a certain incidence angle relative 
to the crystal lattice. Cost and availability could 
become a problem if these are needed for commer- 
cial production. In order to function properly and 
not become damaged, all crystals used in the ar- 
ray need to be aligned precisely with regard to the 
incident laser beam. For long-term function, the 
crystals need to be kept under strict temperature 
and humidity control (personal communication, 
J.T. Lin, May 1990). 

Histopathology and Ultrastructure 

Our experiment demonstrated that the 5th 
harmonic Nd:YAG solid state laser (213 nm) is 
capable of ablating the cornea and synthetic col- 
lagen materials with a comparable amount of tis- 
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UV Ablation of the CorSea 
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suejdamage as the 193 ArF excimer laser (Fie 
3a-d). s ' 

ciol As re Pp rt . ed Previously [15], ArF excimer 
; i nm) ablation of the cornea produces an elec- 
tron-dense condensate at the base of the ablated 
zone winch varies from 0.1 to 0.25 (xm in thick- 
ness (Fig. 3a, b). The depth of the damage zone did 
not -vary with increasing radiant exposure. Oth- 

U7]l 3Ve rep0rted dama & e zones up to 0.3 p.m deep 

! Our light and electron microscopy sections 
show a smooth-contoured ablation crater with a 
damage depth ranging from 0-0.6 |xm. There 
doe&not appear to be any damage to the collagen 
lamellae or the keratocytes adjacent to the elec- 

rn den !f zone ' radiant exposure we used 
(1.3 J/cm ) was much higher than that used in the 
ArF I excimer studies. Ablation of the collagen 
lenticules show a 1 p,m damage zone which may 
have; been due to the dehydrated state of the type 

(Although the initial histopathology and ul- 
trastnicture are similar for the ArF excimer and 
the 5th harmonic Nd:YAG lasers, we have not 
addressed the potential differences in long term 
wound healing. Recent studies utilizing immuno- 
histopathology have shown extensive wound re- 
modejmg in monkey corneas after ablation with 
the ArF excimer laser [18]. Long-term wound 


healing for the 5th harmonic Nd:YAG laser will 
have to be addressed in future studies. 

Delivery Systems 

There are two separate ways in which en- 
ergy from this solid state laser could be delivered 
o the eye. First, if an appropriate energy output 
rrom the laser could be obtained, the beam could 
be expanded with ultraviolet transparent lenses 
and delivered with conventional excimer laser de- 
livery systems. Such systems include an expand- 
ing diaphragm which allows more energy to be 
deposited in the center of the cornea than the pe- 
riphery as it expands, an ablatable mask which 
tmparte its general shape on the cornea as it is 
ablated away, and a scanning mathematically de- 
lned elliptical slit which scans across the cornea 
in two or more orthagonal meridians creating 
central corneal flattening. 

Second, and more innovative, is the concept 
ot ultrafast surface scanning. In this system, a 
small spot is focused onto the surface of the cornea 
and ablates the tissue. The spot is scanned 
quickly to another area which is ablated. With a 
fast scan mechanism, each pulse etches away a 
hin layer of tissue within a small area. Since the 
aser beam spot is scanned rapidly away from the 
ablated area, the interaction between the laser 
and the debris generated from the ablation pro- 
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cess will be reduced significantly and the shield- 
ing effect will be eliminated. With the use of solid 
state lasers, pulse rates of 1,000—10,000 Hz may 
be obtained. 

| ; The most important feature of a rapidly 
pulsed scanning ultraviolet laser system would 
be the ability to correct spherical and astigmatic 
refractive errors and to smooth irregular corneas. 
Also, this system could make transverse exci- 
sions for correction of astigmatism and circular 
trephinations; aspheric ablations could also be 
generated. L’Esperance proposed a scanning laser 
delivering system; however, he limited his discus- 
sion to spherical and cylindrical corrections to the 
cornea only [19]. A scanning spot laser system 
vrould be optimal if integrated with a corneal to- 
pography system. The exact shape of the cornea 
would be determined by a topographic system. 
Next, the surface at the cornea would be divided 
up into many small unit areas or pixels. Each 
pixel would then be assigned a number of laser 
pulses such that the end result would be a smooth 
surface of predictable curvature no matter how 
irregular the initial topography was. In this con- 
text it would be ideal to use with laser adjustable 
synthetic epikeratoplasty [13] to image and repro- 
file a synthetic lenticule that is attached to the 
corneal surface or to fix a cornea with irregular 
astigmatism such as after penetrating kerato- 
plasty. 

P 

Mutagenicity 

The issue of mutagenicity remains unan- 
swered. Although the 213-nm ultraviolet wave- 
length is closer to the 260-nm absorption peak of 
DNA than the ArF excimer, the biological signif- 
icance of this is not known [16]. Experiments sim- 
ilar to those performed for the 193 excimer laser 
will have to be done for the 213-nm 5th harmonic 
&d:YAG laser to rule out any increased risks of 
mutagenicity. 

S| 
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New Laser Systems, Their Potential 
Clinical Usefulness, and Investigative 
Laser Procedures 


During the last decade the krypton laser has become commercially available, 
the carbon dioxide (C0 2 ) laser has moved from the experimental to the clinical 
phase in the treatment spectrum, the dye laser has been introduced as a multiple- 
color laser with enormous potential in the field of photodynamic and photo- 
coagulation therapy, the Q-switched or mode-locked neodymium: yttrium- 
aluminum-garnet (Nd:YAG) laser has been introduced for photodisruption of 
transparent intraocular tissues, and even the argon laser has been reevaluated 
to determine potential tissue responses to the green or blue wavelengths. The 
pioneering ingenuity of many investigators to manipulate existing lasers to con- 
trol glaucoma, to substitute laser procedures for former surgical operations, and 
to become expert in the use of the advanced technologic precision inherent in 
ophthalmic lasers has been significant. The purpose of this chapter is to introduce 
several new laser and delivery systems that should have considerable potential 
in the treatment of ocular diseases because of their specific wavelength, high 
power output, or unique photobio logic action. Investigational procedures made 
possible by these lasers and older systems are also discussed, and they should 
shortly become part of our therapeutic armamentarium. 

FREQUENCY-DOUBLED Nd:YAG LASER 
Instrumentation 

The clinical use of the frequency-doubled Nd:YAG laser as a source for the 
photocoagulation of ocular tissue was first achieved clinically in human beings 
in 1970 in our laboratory at the Columbia-Presbyterian Medical Center (Fig. 
26-1). Specifically, this highly collimated, intense, monochromatic beam was 


□ Portions of -this chapter are modified trom L Esperanto lr laser svstems and their potential 
clinical usefulness In New Orleans Acaderm of Ophthatmoloo >\mposium on the laser in oph- 
thalmology aisd glaucoma update, St Louis riwCV Mostn Co 



Fig. 26-1. Prototype version of the frequency-doubled Nd:YAC laser used during the 
first clinical human studies in 1970. 


employed successfully to therapeutically photocoagulate various chorioretinal 
abnormalities in seven patients^ (Fig. 26-2). 

At that time the frequency-doubled Nd:YAG laser was loaned to our laboratory 
by Medical Lasers, Inc., in Burlington, Mass., and consisted of the following 
parts: (1) a dual elliptic gold-plated cavity; (2) two 3000-W tungsten quartz hal- 
ogen incandescent lamps; (3) a 3 x 75 mm yttrium-aiuminum-garnet host doped 
with triple-ionized neodvmium; (4) two dielectrically coated mirrors; and (5) a 
barium-sodium-niobate crystal in a temperature-controlled oven. 

The fundamental output ot the Nd:YAG laser is at 1064 nm. With the addition 
of the nonlinear crystal in the resonant cavity between the Nd:YAG crystal and 
the output mirror, the second harmonic is obtained as a bright green beam at 
532 nm (Fig. 26-3). The output is obtained through the front mirror, which is 
dielectrically coated for maximum reflectance at 1064 nm and maximal trans- 
mittance of 532 nm. 

The pumping source that created the population inversion in the NdiYAG 
crystal consisted of two tungsten filament lamps that operated directly from the 
AC line using a tnac power supply. Electric power to the lamps, which nc r 
operated in parallel, was continuously variable from 120 V to full povw 

The laser power was easily controlled within milliwatts because ot the uing- 
\ sten filament lamps and their inherently long reaction time, which also provided 

considerable electric output stability. At that time the power supply required an 
input of either 208 or 220 V with 50- to 60-Hz, single-phase electric requirements. 
The dimensions of this particular power supply were 5x5x9 inches. 
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in the pea-green portion of the visible spectrum ( Fig. 26-4). A potassium- 
deuterium-phosphate (KDP) crystal has been used with some success dur- 
ing the last several years, but even with this more sophisticated crystal, 
the potential power in the green portion of the spectrum was still limited. 
The KTP crystal allows the laser instrument to deliver full power in the 
frequency-doubled mode. 

2. The new frequency-doubled Nd:YAG laser designed by the Laserscope 
Corporation in conjunction with XMR Laser Company uses a high-intensity 
flash source pulsing at 25,000 cycles per second (25 kHz) and producing 
powers in excess of 20-W emission from the laser port. This highly efficient 
system requires minimal cooling and can be self-contained and used in a 
portable fashion from the operating room to an outpatient surgical suite 
or other facility. 

3. The entire laser was designed in a modern— if not futuristic— cabinet with 
the features of automatic self-diagnosis of any problems within the elec- 
tronic circuitry of the system and with the appropriate method to solve 
these problems immediately (Fig. 26-5). The entire workings and inter- 
manipulation of the laser and its energy output is under microprocessor 
control, and the output wattage, pulse duration, and potential mode of 
operation are displayed on a cathode ray tube. The system is therefore 
under complete electronic surveillance at all times, with minimal activation 
or interchange with the surgeon during the actual photocoagulation or 
photovaporization procedure. 

4. The Laserscope frequency-doubled Nd:YAG laser system has the capability 
of producing extremely high powers and has been designed for ophthalmic 
use as a photocoagulator comparable to the argon green laser. It also has 
the potential of being used with other peripheral devices. These fiberoptic- 
linked therapeutic devices range from various types of endoscopic cauter- 
ization probes to dermatologic tattoo and port-wine stain eradicators and 
photovaporizers ( Figs. 26-6 to 26-8). This multipurpose laser should there- 
fore have considerable medical and surgical advantages, as well as provide 
an economic medical service. 


M*rror '‘Partial mirror Green 532-nm 



Fig. 26-4. Schematic drawing showing a white light pumping lamp that energizes the 
Nd:YAG crystal to produce an infrared beam, which is then converted by a nonlinear 
K?P crystal to a 532-nm laser beam 
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Fig. 26-2. First patient to be treated by the frequency-doubled Nd:YAG laser (532.G.-nm), 
using 100- to 150-p.m coagulations at 0.2-sec exposures and power levels ranging from 
200 to 350 mW. This patient was treated in 1970 for localized paramacular retinal leakage 
caused by moderate nonproliferative diabetic retinopathy. 



Invisible Visible 

Fig. 26-3. Schematic drawing illustrating the Nd.YAG laser producing an invisible beam 
at 1064 nm that enters the nonlinear potassium-titanium-phosphate (KTP) crystal and 
emerges with a doubled frequency and a halved wavelength at 532 nm m the pea-green 
portion of the spectrum. 


During the past several years a somewhat similar frequency-doubled Nd:YAG 
laser has been designed that eliminates manv of the disadvantages and draw- 
backs of the original 1970 laser. The most significant changes with thu new 
instrument are the following: 

1. The doubling crystal is no longer a barium-sodium-niobate crystal but 
rather a potassium-titanium-phosphate < KTP) crystal that has the capability 
of withstanding the potentially tremendous power generated by the solid- 
state Nd:YAG crystal and converting this wavelength from 1064 to 532 nm 
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Fig. 26-5, Laserscope multispecialty frequency-doubled Nd:YAG laser console showing 
the cathode ray tube readout area, as well as controls for the microprocessor unit. The 
unit has self-monitoring electronic surveillance and can produce output powers m the 
20-W range at a 532-nm wavelength. 



Fig, 26-6. Laserscope fiberoptic coupler for various medical uses of the 532-nm beam. 
Interlock is designed to be recognized by main electronic console, so that each fiberoptic 
system has its own parameters for precise operation. 
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Fig. 26-7. Hand-held intraocular probe for endophotocoagulation of chorioretinal struc- 
tures with 532-nm output. (Courtesy Laserscope, Inc.) 



Fig. 26-8. Laserscope peripheral hemostatic quartz or diamond (Aufh) knife. The 532- 
nm laser beam is channeled to the cutting tip ot the knite to produce hemostasis during 
the actual incisional process 
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Beam Characteristics 


Regardless ot the nature ot the laser or incandescent source, the main concern 
of the ophthalmologist is the nature ot the beam entering the eye and its effec- 
tiveness in photocoagulation. This section summarizes the various features of 
the frequency-doubled Nd:YAG laser beam in terms of photocoagulation ability. 

Collimation 

The beam ot any laser is extremely collimated or parallel as it travels from its 
source, and the Nd:YAG laser is no exception. However, the average 3- to 5- 
miiliradian divergence of the beam makes it considerably less parallel than the 
average argon laser emission and therefore less able to focus to the small retinal 
spot produced by the argon laser photocoagulation system. This relative lack of 
collimation is an inherent property of all crystal lasers, such as the Nd:YAG, 
Nd:glass, ruby, and frequency-doubled Nd:YAG lasers. Gas lasers produce less 
divergent beams and therefore can be focused more precisely for paramacular 
or individual vascular coagulations. Optical devices can reduce this divergence 
disparity, but only at the expense of power output. 

It should be emphasized that this small amount of divergence from a crystal 
laser appears to be insignificant, particularly since the delivery system from the 
Laserscope frequency-doubled Nd:YAG source is through fiberoptic cables. 
When a laser beam emanating directly from a laser source enters a fiberoptic 
system, much of its coherence is broken down, with a significant divergence at 
the emission end of the fiberoptic cable. This divergent cone of light must be 
captured in most instances and refocused for the purpose of eventual photo- 
coagulation. This has not posed a significant problem and may be advantageous 
in certain uses of the frequency-doubled NdrYAG beam. 

It must be noted, however, that this frequency-doubled Nd:YAG laser, pro- 
duced in the pea-green region of the visible spectrum, will not be used directly 
after emission from the laser source. In all applications this laser beam will be 
interfaced with a fiberoptic cable in exactly the same manner as most photo- 
coagulation systems, including the argon laser photocoagulation devices now 
in use. Because ot the use of fiberoptic cable channeling devices from the laser 
to the photocoagulation instrument, the obvious advantageous property of min- 
imal spot size is disregarded in tavor of transmission of the laser beam over 
longer distances. With the use ot fiberoptic coupling from the laser to the surgical 
instrument, the laser beam loses both its spatial and temporal coherence and 
becomes simply a monochromatic light source of high potential energy output. 
In essence, in ophthalmology it is the monochromaticity and the high power 
output that determine the effectiveness ot a laser beam as a photocoagulation, 
photodynamic, or photovaponzation device. 

, Monochromaticity 

The Md:YAG laser produces an output beam in the infrared portion of the 
electromagnetic spectrum at 1064 nm, which, when doubled in frequency (and 
therefore halved in wavelength) bv the proper nonlinear crystal, is converted 
to a green beam at 532 nm. This single color can then be focused without 
chromatic aberration onto the retina or other ocular tissue. This factor has always 
been considered advantageous, and lasers have had the capability ot producing 
retinal coagulations many times smaller than incandescent sources such as the 
xenon-arc instrument. It is also a law ot laser physics that the potential size of 
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the ocular photocoagulation varies directly with the wavelength, although much 
ot' this property is compromised by the use of fiberoptic channeling systems. 
The frequency-doubled Nd: YAG laser may actually gain some advantage because 
only one wavelength is being emitted, whereas the argon laser emits eight 
wavelengths, trom 457.9 to 528.7 nm. Only two argon emissions are powerful — 
488 and 514.5 nm — and they are so closely approximated with regard to focus 
that they can be considered as one wavelength at 500 nm for calculation pur- 
poses. In addition, individual wavelengths can be selected from the argon laser 
emission spectrum so that the argon system can be considered as either a blue 
or green photocoagulation device, with focusing potential similar to the fre- 
quency-doubled Nd:YAG laser beam. 

Focusing Potential 

It is possible to calculate the minimal size of a retinal image of anv laser beam 
by employing a series of formulas described elsewhere. 2 From these figures it 
can be established that the theoretic minimal retinal image size produced by a 
frequency-doubled Nd:YAG laser is approximately 10.2 pm in diameter, as com- 
pared with a minimal retinal image diameter of 8.4 pm for argon laser radiation 
and 13.2 pm tor krypton red laser radiation. Therefore, by the factor of wave- 
length only, the frequency-doubled Nd:YAG laser can theoretically produce a 
retinal coagulation smaller than that of the krypton laser, but not as small as 
that produced by the argon laser. In addition, the inferior collimation of the 
NdfYAC beam may further decrease the focusing ability of this laser for any 
direct system. 

The theoretic minimal retinal image diameter refers to an open, direct system 
from the laser source to the ocular tissue using optics other than fiberoptic 
systems. When a fiberoptic system is used, not only the collimation but also the 
coherence of the laser beam is sacrificed, as previously mentioned, and new 
optical systems must be introduced to create a minimal spot size (50 pm) that 
is essentially the same for all of the visible laser photocoagulation instruments. 
Therefore, unless focusing becomes an extremely critical matter, all laser bearn^ 
can be brought to a 50-pm coagulation size and perhaps smaller with fiberoptic 
channeling couplers. This has proved to be highly satisfactory w r ith all photo- 



Fig. 26-9. Schematic drawing illuMratmi; the hlvroptu input to the operating microscope, 
with manipulation of the beam bv a lovstuk and the potential ot varying focus of a 532- 
nm beam trom 200 to 350 mm trom the exit port >•( » ■^’vr.itini; microscope. (Courtesv 

Laserscope, Inc.) 
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coagulation, photodynamic, and photovaporization surgical procedures (Fie 
26-9). 6 ‘ 

Specific Tissue Response 

Histopathology. The histopathologic response of monochromatic laser energy 
at 530.8 nm produced by a krypton laser has been described, and the chorio- 
retinal tissue changes created by a frequency-doubled Nd:YAG laser beam at the 
closely related wavelength (532 nm) have been shown to be similar. 1 The most 
apparent histologic damage with the Nd:YAG laser was the coagulation and 
destruction of the outer nuclear area and the inner portion of the receptor layer 
in the impact zone. In sagittal sections of rabbit eyes, at 48 hours after irradiation 
with the green YAG laser emission at 532 nm, there was buckling of the inner 
retinal layers with some edema of the nerve fiber layer. Little histopathologic 
damage could be noted in the region of the ganglion cell to the outer plexiform 
layer. The locus of heat production appeared to be in the area of the outer 
nuclear rod/cone (unction. A moderate pigment epithelial disruptive effect was 
observed, but there were only minimal choroidal changes. This histopathologic 
picture is similar to that produced by argon radiation, and both lasers have the 
potential to destrov the deep vascular plexus in the area of the coagulation (Fig 
26-10). 



Fig. 26-10. A, Histopathologic microphotograph illustrating, the effect of a 532-nm beam 
on the rabbit retina 48 hours alter treatment (see text) B, Histopathologic microphoto- 
graph showing the effect of the argon laser beam on the rabbit retina alter 48 hours. The 
effect is very similar to that seen with a 532-nm v\a\elennth (C'ourtes *' Laserscope, Inc.) 
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Hemoglobin absorption. The absorption potential of a 140-p.m film of oxy- 
hemoglobin has been documented spectrophotometrically, and 97% of incident 
monochromatic laser radiation at 532 nm is absorbed (Fig. 26-11). This figure 
represents a 15% increase over a comparable monochromatic argon laser beam 
at 488 nm but is equal to the hemoglobin absorption potential of a 577-nm dye 
laser emission. These particular laser radiations are all more highly absorbed by 
blood than is the red krypton (647.1-nm) laser beam (3%) and similarly produce 
intense coagulation in vascular tissue by the conversion of the absorbed energy 
to heat. 

Melanin absorption. The peak of the absorption curve for melanin has been 
determined to exist at 550 nm, 3 whereas the pigment epithelium absorption peak 
has been plotted at 530 nm. 1 This would indicate that the frequency-doubled 
Nd:YAG output would be highly absorbed bv pigmented particles in the retina 
and the pigment epithelium. Therefore an exudative choroiditis could be pro- 
duced with less transmitted Nd:YAG energy than with any existing laser source. 
The beam energy would be slightly dissipated at the nuclear retinal layers, where 
partial absorption takes place, but the existing transmitted energy would be 
sufficient to create a firm chorioretinal adhesion. 

Xanthophyii absorption. The absorption peak for xanthophyli has been de- 
termined to exist at approximately 460 nm, with a rapid decrease in absorption 
with the longer wavelengths. The more powerful argon laser wavelengths at 
488 and 514.5 nm absorb approximately 70% and 11%, respectively, of the energy 
that would be absorbed by a tissue pigment with maximal absorption at 460 nm 
(Fig. 26-12). Therefore the argon blue and the argon green laser wavelengths 
can be sufficiently absorbed with high input powers to cause sufficient conver- 
sion of the light energy to heat energy at the inner and outer plexiform layers 
of the macula, where the xanthophyli pigment is found. It has been advised by 
numerous authorities that the argon blue not be used in the macular region 
because of the high possibility of coagulation of the nerve fiber, outer plexiform, 
and inner plexiform layers containing the xanthophyli pigment/ The argon green 
(514.5 nm) has been considered to be sufficiently safe — with minimal energy 
absorption by this pigment — in cauterization of subretinai neovascularization 
defects of the macular zone. 

The frequencv-doubled \d:YAG laser at 532 nm produces a pea-green laser 
beam that is only 2% absorbed by the xanthophyli layers in the macular region. 
Therefore it is apparent that this wavelength has a considerable inherent safety 
margin when used in the macular region with minimal absorption by xantho- 
phvll, while retaining one of the highest absorptions of the commonly used 
laser emissions, similar to the 577-nm dye laser emission, with oxyhemoglobin 
or reduced hemoglobin and other hemoglobin-filled vascular abnormalities. The 
532-nm wavelength should be considered as one of the ideal wavelengths for 
the treatment of subretinai neovascularization, macular macroaneurvsms, mi- 
croaneurysms, macular telangiectatic defects, and other pigment-related or stru 
tural defects in the macular region. 
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Fig. 26-11. Relative absorption for wavelengths emitted from the argon laser and from 
the frequency-doubled Nd:YAG laser at 532 nm by oxyhemoglobin and reduced hemo- 
globin. Note that a large differential exists between the absorption potential of the 532- 
nm wavelength and the basic wavelengths of the argon laser system. 



Fig. 26-12. Relative absorption of the argon laser and the frequency-doubled Nd:YAG 
laser (532-nm) beams by macular xanthophyll pigment. The 532-nm wavelength is highly 
transmitted by xanthophyll pigment, whereas the argon green beam is slightly absorbed 
and the argon blue beam is highly absorbed. 
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Discussion 


The technologic advances in physics have allowed ophthalmologists to ap- 
proach the ideal condition in which various portions of the eye can be selectively 
photocoagulated by the use of specific monochromatic laser beams. As lasers 
emitting different-colored beams are developed, the production ot a predictable 
specific target response in an ocular tissue becomes possible. This would mean 
that a certain chorioretinal layer could be coagulated without disruption of other 
zones by carefully matching the absorption potential of that layer to the proper 
laser emission. 

The frequency-doubled Nd:YAG laser produces one of the most ideal wave- 
lengths for vascular photocoagulation or production of an adhesive chorioreti- 
nitis. The Nd:YAG emission occurs at 1064 nm in the infrared spectral region 
and after passage through a nonlinear (KTP) crystal is converted to a green 
wavelength at 532 nm. The green beam exists at a location in the visible spectrum 
very near one of the peak absorption regions of oxyhemoglobin (542 and 576. 
nm) and also near the maximum absorption of reduced hemoglobin (552 nm). 
Therefore less energy is necessary for spasm, occlusion, and obliteration of ocular 
blood vessels, since the \ r d:YAG photocoaguiation beam is more highly ab- 
sorbed, with greater conversion to heat energy. Under ideal conditions, in vitro 
studies indicate that the trequency-doubled Nd.YAG laser emission would be 
15% more highly absorbed by a 140-p.m film of oxyhemoglobin than the argon 
laser, 94% more highly absorbed than the red krypton (647.1 nm), and similarly 
absorbed as the green krypton laser emission (530.8 nm), although 1% less well 
absorbed than the yellow krypton laser beam (568.2 nm) or the yellow dye laser 
beam (577.0 nm). 

The frequency-doubled Nd.YAG laser should thus offer distinct advantages 
in photocoaguiation therapy of vascular disease over certain other lasers, such 
as the longer wavelengths of the red dye or the krypton laser (647.1 nm). The 
Nd.YAG laser should be comparable to certain krypton (568.2- and 530.8-nm) 
laser emissions, slightly advantageous over the argon (488- and 514.5-nm) laser 
emissions, and slightly less advantageous when compared with the 577-nm dye 
laser emission in efficiency and effectiveness for the treatment of vascular dis- 
eases such as diabetic retinopathy, angiomas, Coats' disease, sickle cell retinop- 
athy, Eales' disease, and retrolental fibroplasia. 

The Nd.YAG green laser may also prove to be more effective than any laser 
for the creation of a chorioretinal adhesion or for the therapy of diseases related 
to the pigment epithelium. Minton" showed that the peak absorption of melanin 
from a choroidal melanoma occurred at 550 nm, with decreased absorption at 
shorter and longer wavelengths. This would indicate that less energy would be 
required for the coagulation or thermal irritation of the pigment epithelium 
because of the dose approximation ot the green Nd:YAG emission wavelength 
and the melanin absorption maximum. 

Less photocoaguiation energy passing through the ocular media or retina > 
always an advantage, especially when corneal, lenticular, or vitreal haze or 
opacities are present. The use of the green Nd:YAG laser in the treatment of 
retinal tears, peripheral retinal degeneration, retinoschisis, and postretinal de- 
tachment surgery can be anticipated to be highly effective because of the superior 
absorption characteristics. 
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Undoubtedly the potential uses of the frequency-doubled Nd:YAG laser op- 
erated at 25-kHz pulsing frequency at powers in excess of 20 W will provide a 
role for this particular laser emission beyond retinal or ocular photocoagulation. 
A laser source capable of producing powers of this magnitude and at this fre- 
quency (532 nm) can be used via fiberoptic transmission to multiple other pe- 
ripheral devices. This particular laser beam should prove to be extremely valuable 
in the destruction of tumors of the bronchi and gastrointestinal tract, miniscu- 
sectomies, dermatologic procedures (including the eradication of port-wine 
stains and other skin defects), endoscopy, and bronchoscopy (Fig. 26-13). The 
use of this laser should have enormous potential in all areas of medicine and 
surgery, as well as in photocoagulation, photodynamic, and photo vaporization 
therapy in ophthalmology. 



Fig. 26-13. A, Histopathologic appearance of skin impacted with sufficient power density 
to create an incision. Note the thermal destruction of the sides of the incision as well as 
cauterization of nearby vessels B, Histopathologic appearance of a section of muscle 
tissue incised with a 532- nm- focused beam showing slight charring and slight thermal 
damage to the sides of the incision. C, Histopathologic appearance of brain tissue after 
minimal incision bv a 532-nm -focused beam Note the slight charring at the incisional 
site, with the area of coagulation extending deeper into brain tissue. D, Histopathologic 
appearance of bone tissue incised with higher power densities at 532-nm wavelengths. 
The power density of the frequency -doubled \d YAG laser is sufficient to cut through 
bone, cartilage, or other biologic structures, with optimal hemostasis and minimal thermal 
effects to nearby tissue. (Courtesy Laserscope. Jm ) 
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EXCIMER LASERS 

Excimer lasers are pulsed gas lasers that use a mixture of a rare gas and a 
halogen as the active medium (Fig. 26-14, A). Excimers are molecules that exist 
■ only in the electronically excited state. As these molecules return to the ground 

state, they emit short-wavelength radiation and dissociate into single atoms 
\ because the ground state is nonbonding (Fig. 26-14, B). Thus excimers are an 

ideal laser medium, since the lower laser level is automatically depleted as a 
result of dissociation (see Chapter 23). 

The high output power and good efficiency agree with theoretic calculations 
when losses caused by fluorescence or quenching processes are minimized by 
using a fast excitation. In some excimer lasers a fast electric discharge is used, 

, with its energy first transmitted into a buffer gas such as helium or argon. The 

output from the excimer molecules can have an efficiency as high as 2%. 

' The fast discharge circuit allows the laser to be operated with other gases as 

well, such as fluorine (F 2 ), operating at 157 nm, or even carbon dioxide (CCh), 
operating at 10.6 fim. 

The choice of gas mixture determines the output wavelength. The typical line 
width of an excimer emission is about 0.3 nm, but tuning the output over a 
region of about 3 nm is possible at lower output energy. 

Certain excimer lasers (Lambda Phvsik) incorporate a gas processor into the 
' laser to increase the gas-fill lifetime, in some cases approaching as many as 20 

million electric discharges. Because the gas processor removes impurities from 
} the gas as the laser operates, power output from the laser deteriorates much 

5 more slowly than in conventional excimer lasers. The Lambda Physik technique 

of cleaning the laser gases is more efficient and reliable than the brute-force 
technique used in some excimer lasers of automatically increasing discharge 
power as the laser gas becomes contaminated. Most excimer lasers are multigas 
lasers in that operation is permitted at a number of wavelengths simply by 
selecting the appropriate gas mixture. All the common ultraviolet excimer wave- 
lengths shown in Table 26-1 are available ( Figs. 26-15 and 26-16). No modification 
/ of the laser hardware is required when changing excimer gases, and only the 

mirrors need be replaced when changing from the ultraviolet to infrared output 
emissions. 

A typical example of an excimer laser (Lambda Physik EMG 103 E) produces 
! 1 40 W at 249 nm (krypton fluoride), 20 W at 193 nm (argon fluoride), or 20 W at 

308 nm (xenon chloride). The standard repetition frequency of the EMG 103 E 
is 200 Hz, but a slight factory modification allows higher repetition frequencies. 
Another special configuration, the S-version of the EMG 103 E, allows pulse 
energy up to 300 mj at either 249 or 308 nm at a reduced repetition frequency. 
For the maximum output in the vacuum-ultraviolet mode, an optimized F 2 ver- 
sion of the EMG 103 E produces 1.5 VV ot average power at 157 nm. These 
* reliable, economically priced lasers can be an attractive alternative to the Nd:\A f 

lasers ,in such applications as optical pumping of dye lasers. 

The heart of an excimer laser is the gas reservoir, with its integrated laser 
channel and low-inductance discharge circuit. The gas reservoir is fabricated 
? from a single piece of thick-walled aluminum extrusion in some excimer lasers. 

' It serves not only as a 30/ L gas reservoir, complete with gas circulation and 

cooling mechanisms, but also as a stable optical bench to which the resonator 
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Fig. 26-14. A, Typical appearance of the excimer ultraviolet laser showing various input 
tubes and the laser exit port. B, Schematic interpretation of the method of population 
inversion present with the excimer laser Because of the unstable ground state, most 
molecules are in an excited or upper laser level and are subject to stimulated emission 
and laser action. (A courtesy Lambda Phvsik ) 


Table 26-1. Ultraviolet laser wavelengths (including excimer lasers) 


Laser media 

Principal wavelength (nm) 

Fluorine { F 2 ) 

157 

Frequency-doubled dye 

190 

Argon fluoride (ArF) 

193 

Frequency-quintupled Nd.YAG 

212 

Krypton chloride (KrCI) 

222 

Krypton fluoride (KrF) 

248 

Frequency -quadrupled Nd YAG 

266 

Xenon chloride (XeCl) 

308 

Nitrogen (N ; ) 

337 

Xenon fluoride (XeF) 

351 



Complications and Future Applications 


mirrors are attached. A fast transverse flow of laser gas through the electrodes 
ensures high pulse energy independent of repetition frequency. As noted, with 
the EMG 103 E frequencies up to 500 Hz are possible. 

There are three factors that contribute tcf the high efficiency of an excimer 
laser: (1) a properly designed electrode shape, (2) efficient preionization of the 
laser gas and an ultrafast mode, and (3) a low-inductance electric discharge 
circuit. In effect, these factors are combined into a single, unique design for the 
new preionization scheme of the EMG-series lasers as an integral part of the 
discharge circuit. It is a simple and reliable design that produces a uniform field 
of ions, and the discharge is completely free of arcs. In some other excimer 
lasers the peaking capacitors have to be placed very close to the electrodes inside 
the gas chamber to avoid arcing. The Lambda Phvsik approach of optimizing 
the energy transfer from one capacitor to another before the onset of the laser 
discharge results in a much higher efficiency. 
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Fig. 26-15. Schematic representation ot the process of producing second and third 
harmonic generation by passing a laser beam through the piezoelectric crystal, KTP. The 
frequency of the Nd:YAG laser is doubled and the wavelength halved as it passes through 
the KTP crystal. A second transit through the KTP crystal produces a wavelength of 266 
nm in the far-ultraviolet portion of the electromagnetic spectrum. 



Fig. 26-16. Theoretic wavelength versatility b\ combining a dve laser with harmonic 
generation ot both dye laser wavelengths and a stimulating laser wavelength In this 
case the \d:YAG laser frequency is quadrupled and used to pump the dye las-er using 
various organic dyes for laser action Bv selecting the organic dve, wavelength? can be 
generated throughout most 'portions ot the ultraviolet spectrum 
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It is extremely important for exnmer lasers to be engineered to allow a max- 
imum life of the laser gases. For the user this means reduced operating cost as 
J well as more reliable laser operation at steady power levels. 

Only fluorocarbon insulators and metals such as aluminum and nickel, which 
passivate quickly in a fluorine or hydrogen-chloride environment, are used in 
Lambda Physik lasers. All electnc circuit components, except the electrodes 
themselves, are outside the gas system, where they do not need to be passivated. 

Significant improvements, both in reduced power deterioration and in-fill 
lifetime, have been observed when a gas processor is added to a laser. For 
example, 20 million pulses can usually be obtained from a xenon chloride laser 
before the power decreases to 50% of its original value. Without the processor, 

: the same laser might only produce 4 million pulses before requiring a gas change. 

" Similar improvements in gas-fill lifetime have been observed for other standard 

1 gases, including krypton fluoride, xenon fluoride, and argon fluoride. 

Extended lifetime means reduced operating costs for the excimer lasers, par- 
ticularly in comparison with Nd:YAG lasers, which might alternatively be used 
as dye laser pumps. The flashlamps of NJd:YAG lasers must be replaced about 
* as frequently as the gas of a xenon chloride laser must be changed, or about 

' every 20 million shots, but a gas change is much less expensive. Based on current 

, prices for research-grade xenon, the gas costs of a xenon chloride laser are 40 

cents per hour less if the laser is operated at a 100-Hz repetition frequency. The 
. corresponding operating costs for a Nd:YAG laser are significantly greater. 

Excimer Laser Surgery 

i 1 

^aser applications m ophthalmology include the processes of photocoagula- 
tion, photovaporization, photoradiation (photodynamic therapy), photodisrup- 
-j tion, and, more recently, photoablative decomposition. Photocoagulation and 

photovaporization are tissue interactions that involve the thermal effects of laser 
radiation; photodynamic therapy occurs through a photon interacting with a 
sensitized chemical bonded to malignant tissue. Photodisruption uses laser- 
induced optical breakdown to section tissues by forming a plasma and associated 
shock waves. The excimer laser has provided a fifth form ot laser interaction 
with tissues called photoabiative decomposition. The use of this far-ultraviolet 
. laser radiation (150 to 200 nm) creates a specific photochemical reaction and 
results in the ablation ot corneal or other ocular tissues without thermal damage 
to the remaining adjacent structures (Fig. 26-17). Therefore, incisions of con- 
trolled depth and shape can be made in defined areas of the cornea or other 
ocular tissue, and any amount of tissue can be removed by ablating that tissue 
to a predetermined depth. 

Srinivasa rf 7 reported that the far-ultraviolet radiation acts on organic poly- 
mers by a process described as ablative photodecomposition. The irradiated 
molecules are broken into smaller volatile fragments by direct photochemical 
interaction without heating the remaining adjacent tissues (Fig. 26-18). Ultra- 
violet light at this frequence is highlv energetic, with each photon having 6.4 
eV. This provides the photochemical energy that directly breaks intramolecular 
bonds. 

It is known that the longer-wavelength lasers vaporize tissues but also pro- 
duce changes in remaining adjacent structures Histologic studies have dem- 
onstrated that irregular edges in various tissues such as bone and muscle are 
I catssed by the heat of the cutting thermal laser t Fig 2n- W Far-ultraviolet laser 
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f 1 ?: 26 ' 17 ' C ° mpar,son of Photovaponzation (A) and photodecomposition (B), illus- 
trating the precise cleavage ot cells in rectangular fashion without charring with pho- 
todecompos't'on, and mmimal charring along the incision site w.th photovaporization 
Photodecomposition is accomplished with far-ultraviolet lasers, and photovaporization 

^ ,r ° m ,,,y ViS,We '**"• m0S ' “™“"* «- 



Fig. 26-18. Photodecomposition process showing the impact ot the far-ultraviolet laser 
beam on an individual cell or sm.sil area ot cells (Ai, causing breakage of intramolecular 
bonds and disruption and disappearance ot cellular matter from the impact site (B). 
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Fig, 26-19, A 0.4-mm crater produced with a 532-nm laser beam showing charring and 
irregular cauterization of the edges of the incision. (Original magnification x 40.) (Cour- 
tesy Ralph Linsker, M.D., Ph.D.; R. Srinivasan, Ph.D.; James J. Wynne, Ph.D.; Daniel 
R, Alonso, M.D.; IBM T.J. Watson Research Center; and Cornell University Medical 
College.) 


irradiation, however, produces a trench with sharp and cleanly defined bound- 
aries, as seen with light microscopy. There are no changes in adjacent tissues; 
nor are there observable thermal effects (Fig. 26-20). 

The implications for the use of the excimer laser with operations such as 
keratomileusis or corneal transplantation appear to be a logical additional ex- 
perimental avenue. The applications for retractive keratoplasty would seem to 
be of great interest, since the cornea can be reshaped in such a manner as to 
correct most moderate degrees of hyperopia, myopia, and astigmatic defects. 
This tvpe of laser surgery is highly experimental at this time, but considerable 
research will be forthcoming. 
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Fig. 26-20. A, Trench measuring 0.35 mm produced by excimer laser (193-nm) irradiation 
of the luminal side of the aortic wall showing exquisite precision and absence of damage 
to nearby cellular material. (Original magnification x 40.) B, Enlarged view ( x 160) of the 
same incision emphasizing the lack of thermal or other damage and precise sculpting of 
the aortic incision. (Courtesy Ralph Linsker, M.D., Ph.D.; R. Srinivasan, Ph.D.; James 
J. Wynne, Ph.D.; Daniel R. Alonso, M.D.; IBM T.J. Watson Research Center; and Cornell 
University Medical College.) 


CONTINUOUS- AND QUASICONTINUOUS-WAVE LASERS 

Continuous-wave (CVV) laser action will be achieved in almost all laser medias 
if the materiaLwill permit a permanent population inversion to be sustained. 
Although there are, in general, many competitive processes that may limit CW 
laser operation, such as heating of the media and "'self-quenching" effects, it is 
often possible to achieve continuous or high-repetition-rate operation even with 
f many materials previously considered as only "pulsed" laser media. The limiting 

factors are (1) the low efficiency of converting pump energy into laser emission, 
(2) retention of heat by the laser media, and (3) degradation of the components 
< used for continuous pumping. This does not mean, however, that the same 

levels of instantaneous power as achieved in the pulsed operation will 
achieved in CW operation. The rapid emission and subsequent high power levels 
achieved with a small ruby laser will be in the muitikilowatt range, whereas the 
quasi-CW (60-Hz) operation of a ruby crystal will only reach a few watts, even 
in the most ideal system. 

’ The most successful medias tor pure CVV operation have been gases (or gas- 

eous mixtures) and the manv diode lasers. Quasi-CW operation is possible in 
most of the solid medias common in pulsed operation, in addition to many 
. gases. 
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CW Neutral Atom Gas Lasers 

CW neutral atom gas lasers operate mainly in the near-infrared range, from 
about 600 to 3400 nm. Representative lines of such gas media are shown in Table 
| 26-2. 

The first CW system was the helium-neon (HeNe) gas mixture. Although the 
first successful operation was at an infrared wavelength of 1152 nm, an HeNe 
* laser is most well known operating at the red 632.8-nm transition. The more 

recent HeNe gas laser designs use direct current excitation, and the power output 
available from the low-etficiency HeNe laser ranges from a fraction of a milliwatt 
to about 100 mW in the largest available systems. Because the HeNe laser may 
be easily operated with high-frequency stability and a single-mode operation, 
many applications have been found in precision measurement holography, but 
it has not been used in ophthalmology because of the low power output. The 
1 HeNe laser has found indirect use as a target beam for the pulsed Nd:YAG 

systems, as well as for invisible lasers such as the C0 2 photovaporization in- 
struments. 


CW Ion Gas Lasers 

f CW ion gas lasers operate principally in the ultraviolet and visible range, from 

{ 235 to 800 nm. Representative lines of such gas media are shown in Table 26-3. 

The gases mercury, argon, krypton, xenon, chlorine, iodine, oxygen, nitro- 
gen, and neon have been successfully operated on the ion laser principle. The 
combination ot gases has generated more than 50 spectral lines in the ultraviolet 
^ invisible spectral range. In general, the mechanism of CW ion lasers is one in 

which an electronic collision — in either single or multiple successive steps — 
takes place for a double-ionization process to occur, with the power output 
proportional to the fourth power of the current through the laser tube. This 
successful series of lasers has made an enormous impact on the field of oph- 
; h thalmoiogy, particularly using the beneficial wavelengths of the argon and kryp- 

; ton lasers. Because of the precision, monochromaticity, and selective absorption 

j by the ocular pigments, the argon laser is still used as the workhorse in ocular 

photocoaguiation. Recentlv the krypton red laser (647.1 nm) has added im- 
mensely to our understanding and therapy of macular diseases and other con- 
ditions complicated by retinal or vitreai hemorrhagic problems. 

CW Molecular Gas Lasers 

1 CW molecular gas lasers operate in the infrared region in a range extending 

i from 5500 to more than 750,000 nm. Representative lines of such gas media are 

; shown in Table 26-4. 

There are several molecular gas mixtures that can generate laser emissions. 
Of these, the CO : laser has been found to be the most efficient and consequently 
the most powerful ot ail CW laser devices. Continuous powers have been re- 
ported above 5000 W in the infrared spectral region at the 10,600-nm wavelength. 
Unlike the other molecular lasers, the CO : laser is chemically stable enough to 
function with an electric discharge occurring within the gas itself. This function 
; contributes to its high etticiencv and its usefulness in many areas other than 

medicine. This laser has proved to be one of the most useful lasers in all fields 
of medicine tor photovaporuation ot tumors, as well as an incisional device in 
i areas of potential hemorrhage or with patients with various bleeding disorders. 

The water vapor laser anc the hvdrogen cvanide laser have had little practical 
; , application in any branch ot medicine 
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Table 26-2. CW neutral atom gas laser wavelengths 


Laser medta 

Principal wavelength (nm) 

Helium-neon 

593.9 


632.8 


1152.3 


3391.3 

Oxygen 

844.6 

Xenon 

2026.2 


2651.1 


Table 26-3. CW ion gas laser wavelengths 

Laser media 

Principal wavelengths (nm) 

Neon (IV) 

235.8 

Argon (IV) 

262.5 

Helium-cadmium 

325.0 


441.6 

Helium-selenium 

460.0 


480.0 


520.0 

Neon (It) 

332.4 

Krypton (II) 

467.2 


530.8 


568.2 


647.1 

Argon (II) 

476.5 


488.0 


514.5 

Xenon (II) 

526 2 


597.1 


Table 26-4. CW molecular gas laser uavelength 


Laser media 

Principal wavelengths (nm) 


CO 

5,600 


co : 

! 0,600 


H : 0 

27,974 



-17,693 



113,650 



220,340 


HCN 

310,887 



376,558 


ICN 

773.600 



l ' 

J; 

J ; 
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Quasi-CW Gas and Solid-State Laser 

The quasi-CW gas and solid-state laser classification includes both molecular 
and ion gas lasers and solid-state systems that cannot be operated except in the 
j , rapid pulse (quasi-CW) mode (Fig, 26-21), Representative lines are shown in 

| , Table 26-5. 

One of the most promising sources at present uses the Nd: neodymium- 
doped crystal made of YAG. This system is pumped by special tungsten lamps 
and is capable of an average CW output approaching 100 W at the 1064-nm 
i wavelength. Pulse repetition rates are normally the 60 Hz of the alternating line 

current. The recent emergence to popularity of the YAG laser has been stimulated 
, by better growth techniques of longer YAG crystals. YAG systems are also ideal 

for high-repetition-rate, Q-switched operation. Operation at repetition rates of 
' over 20,000 Hz is now commonly reported with and without frequency-doubling 

of the basic laser emission. 

The increasingly common use of the pulsed NdrYAG laser at its fundamental 
frequency (1064 nm) in the Q-switched or the mode-locked type of operation 
; produces extremely short pulses of energy at either 10- to 12-ns or 20- to 30-ps 

duration, respectively. The formation of an optical breakdown at the focal point 
of the laser, as well as an acoustic and hydrodynamic shock wave, has been 
instrumental in lysing membranes within the eye, such as the posterior capsule, 
vitreous strands, and anterior synechiae, and for performing peripheral iridot- 
omies. The expansion of the intravitreal uses of the pulsed Nd:YAG laser, as 
well as its application in other anterior segment conditions, will undoubtedly 
be occurring within the near future. 


Table 26-5. Quasi-CW gas and solid-state laser wavelengths 


Laser media 

Principal wavelengths (nm) 

Nitrogen (molecular) 

337.1 


540.1 

Copper vapor 

510.0 


578.0 

Frequency-doubled Nd.YAG 

532.0 

Mercury (ion) 

614.9 

Cold vapor 

628.0 

Chromium (rubv) 

694.3 

Chromium (alexandrite) 

701.0-818.0 

Chromium (emerald) 

750 0-759 0 

Neodvmium (YAG) 

1064.0 

(glass) 

1060.0 



1018 


Complications and Future Applications 


Electromagnetic spectrum 
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Fig. 26-21. Positions in visible portions of the electromagnetic spectrum of the emerald 
(750.0- to 759.0-nm), alexandrite (701.0- to 818.0-nm), gold vapor (628.0-nm), copper 
vapor (578. 0-nm), frequency-doubled Nd:YAG (532.0-nm), and nitrogen (337.0-nm) laser 
emissions. These new lasers should have significant impact on the treatment of various 
diseases in medicine, especially m the field of ophthalmology. 


High repetition rates for ruby lasers have been created with pulse rates of up 
to 100 Hz. To achieve this high repetition rate, special mercurv-vapor flash tubes 
are operated in an ellipsoid cavity in which the flash tube and ruby rod are 
coaxial. Powers gi eater than 2 to 3 W in the quasi-CW configuration can be 
produced at the 694.3-nm wavelength. The red beam from this particular solid- 
state laser may have significant application in the future, when moderate 
amounts of blood in the vitreous or inner retina have prevented effective pho- 
tocoagulation of the pigment epithelium or external chorioretinal structures. 

A rapidly pulsed molecular nitrogen laser emits energy in a quasi-CW train 
of 10-ns pulses, each pulse at 100-kW peak power levels. A maximum average 
power of several hundred milliwatts is produced at the ultraviolet 337.1-nm 
wavelength, which may be advantageous for some photodecomposition appi'- 
cations. Other lasers may be more applicable in the field of ophthalmology 
because ot greater stability and higher power output (Fig. 26-22). 


{ 
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; Fig. 26-22. A, Ocular media transmission t n^ht to left) for emerald (750 0-nm), alexandrite 

; (720.0-nm), gold vapor (628.0-nm), copper vapor (578 0-nm), and frequency-doubled 

^ Nd:YAG (532.0-nm) laser emissions. B, Percent ot absorption ot oxyhemoglobin and 

reduced hemoglobin by various wavelengths of the trequencv-doubled Md:YAG (532.0- 
nm), copper vapor (578. 0-nm), gold vapor (628.0-nm), alexandrite (720.0-nm), and em- 
; * eraid (759. 0-nm) laser emissions. These interesting new lasers can be used advantageously 

j \ to create the greatest penetration or absorption bv these two blood pigments, depending 

h on the laser wavelength selected. C, Percent absorption ot retinal pigment epithelium 

j s , for various wavelengths represented friy/if to IcfO bv emerald, alexandrite, gold vapor, 

4 “ 1 copper vapor, and frequency-doubled Nd.\AG laser emissions Iper wavelengths in A). 

; , C.'imtiiiol 

i I 
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Fig. 26-22, cont'd. D, Relative absorption of xanthophvll macular pigment for vanou- 
wavelengths (right to left ) represented by emerald, alexandrite, gold vapor, copper vapor, 
and frequency-doubled Nd:YAG laser emissions (per wavelengths in A). E, Percent trans- 
mission of lens for various wavelengths (right to left) represented by emerald, alexandrite, 
gold vapor, copper vapor, and frequency-doubled Nd:YAG laser emissions (per wave- 
lengths in A). F, Relative lens scatter for various wavelengths (right to left) represented 
by emerald, alexandrite, gold vapor, copper vapor, and frequency-doubled Md.YAG laser 
emissions (per wavelengths in A) 
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DIODE LASERS* 

Although more than 25 years have passed since the invention of the laser, in 
j ophthalmology an ideal laser source emitting visible radiation is still lacking. 

Ion lasers are currently used to treat many pathologic conditions of the eye. 
However, they suffer from severe drawbacks as a result of their very low elec- 
r trical-to-optical efficiency. This is responsible for the extremely high power con- 

sumption, large size, high cost, and troublesome maintenance of these lasers. 

^ During the past few years pressing requests arising from the field of optical 

communications, new optical printing techniques, videodisks, and the great 
j progress in growth technology of semiconductor crystals have led to a fantastic 

j development in semiconductor diode lasers (see Fig. 26-23). Currently these all 

emit in the far-red or near-infrared spectral range. The new generation of diode 
i lasers has an overall efficiency approaching 50% and output power three orders 

of magnitude greater than the highest one available a few years ago. The mul- 
tiwatt output power levels obtained very recently in laboratory systems make 
these lasers suitable for applications in the medical field, thus replacing the more 
- conventional lasers. Since the size of the light-emitting region in a diode laser 

is in the submillimeter range, even for the multiwatt devices, very compact laser 
systems can be developed (Table 26-6). Moreover, the price drop that usually 
follows large-scale production of solid-state electronic components will lead to 
much more inexpensive laser systems, thus permitting a wider distribution of 
medical lasers, especially in those countries with lower economic development. 

The lasing wavelengths of the highest-power diode lasers are presently limited 
to a narrow spectral region, from 750 to 950 nm, because of the use of the most 
developed gallium-aluminum-arsenide (GaAlAs) crystal technology. Potentially, 
diode lasers can generate radiation in the whole visible spectrum and in the 
infrared region up to 30 p-m. The extension to diode lasers of the Q-switching 
; and mode-locking techniques will permit the application of diode lasers to all 

eye pathologic conditions treated by lasers today. 

These new diode laser structures represent the most efficient way so far to 
* convert electrical power into light. Therefore they can very conveniently replace 

. flash lamps in optically pumped solid-state lasers. Thus in the very near future, 
; highly efficient solid-state lasers of ophthalmologic interest, such as Nd:YAG 

and Erbium: YAG (Er.YAG) lasers, will become available. Standard Q-switching 
» and mode-locking techniques will permit the use of these new, compact diode 

laser-pumped lasers in place of the current systems. 

*The text of this section is modified from Brancato R and Pratesi R. Applications of diode lasers in 
ophthalmology, Lasers & Light in Ophthalmology 1 119, 1987 


Table 26-6. CW diode laser wavelengths 


Laser media 

Principle wavelengths (nm) 

Zinc sulfide 

330 

Cadmium sulfide 

490 

Zinc telluride 

540 

Gallium arsenide 

850 

Indium arsenide 

3100 

Indium antimomde 

=400 
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The highest CW output power at room temperature from a coherent light 
emitting diode (CLED) reported so far is =200 mW from a standard diode 
configuration and 1 W from a diode incorporating a special "quantum well" 
structure, which consists of a sequence of ultrathin alternate semiconductor 
layers. The maximum power extractable from a CLED is limited mainly by the 
optical damage to the crystal, particularly in the facet region, produced by the 
extremely high power density of the laser beam, which easily exceeds several 
megawatts per square centimeter. 

An interesting approach to generating higher laser power is represented by 
the "phased diode laser array." It consists of several tens of single active diode 
structures built in the same chip and separated by a very short distance (Fig. 
26-23). Coupling between the adjacent active zones makes the overall laser 
emission spatially coherent. Laser powers close to 3 W CW at room temperature 
have been obtained with a 40-emitter array. Quick engineering development has 
led to a rapid succession of commercial models with power outputs of 100 to 
200 mW and very recently 500 to 1000 mW (Figs. 26-24 and 26-25). 

Recently new potential applications of laser techniques in ophthalmology have 
been reported. In particular, photoablation of corneal tissues has been dem- 
onstrated by using ultraviolet excimer lasers. At 3 ^m a nearly 100% absorption 
by the cornea occurs (Fig. 26-26). The extremely small penetration depth of a 
3-(xm radiation in the cornea has been in fact successfully used to ablate con- 
trolled amounts of corneal tissue by using both hydrogen fluoride and Er:YAG 
lasers emitting at 2.9 and 2.94 pim, respectively. 

Diode lasers could be developed with emission wavelengths spanning the 
spectrum of interest for ophthalmologic applications, namely the visible and 



Fig. 26-23. Array of ten diode laser emitter? in a linear row compared with the 

eye of an ordinary sewing needle. The minote st/e and potential power of the diode 
lasers make them applicable for some ophth^lmu purposes 
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near-infrared (up to 3 i±m) spectral interval. The availability of the necessary 
laser power at any given wavelength requires important technologic develop- 
ments and hence an appropriate pressing demand from the potential users. The 
medical market is potentially large enough to promote specific developments of 
laser systems. The ophthalmologic lasers in current use today could be replaced 
in the short and medium term by the new generation of diode laser-based 
systems, with extremely important advantages in regard to selection of the 
optimal wavelength, reliability and easy maintenance, compactness, and low 
cost. 



Fig. 26-24. Cross section of a typical double-heterostructure diode. Gallium-arsenide 
(GaAs) layer (2), gallium-alumtnum-arsenide (GaAlAs) electrical and optical confinement 
layers Cl. 3), layer 4. and substrate: GaAs. (From Brancato R and Pratesi R: Lasers & Light 
in Ophthalmology 1:119, 1987.) 
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Wavelength (^m| 

Fig. 26-26. Absorption coefficient spectrum of water, oxyhemoglobin, and melanin to- 
gether with the wavelength positions. (From Brancato R and Pratesi R: Lasers & Light 
in Ophthalmology 1:119, 1987.) 


i 



Fig. 26-27. Spectral absorption of the ocular media for the human eye. Cornea. 

* * * - aqueous humor; lens; vitreous humor ( From Brancato R and Pratesi 

R: Lasers & Light in Ophthalmology 1.119, 1987, modified from Slinev D and Wolbarsht 
M, editors; Safety with lasers and other optical sources. Mew York, 1980, Plenum Pub- 
lishing Corp.) 


i ' 

* « 
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Photocoagulation with GaAlAs Lasers 

The highest diode laser powers reported so tar for CW or pulsed operation 
have been achieved by using the most mature technology of crystal growth of 
a semiconductor alloy, namely the ternary alloy GaAlAs. Wavelength is deter- 
mined by the band gap of the crystal and ranges from 750 to 950 nm for this 
particular material. Commercial diode lasers emitting 1 W CW between 780 and 
820 nm and an average power of 0.1 W at «900 nm are now available. The 800- 
( to 900-nm radiation is still well transmitted by the ocular media overlying the 

' \ retina (Fig. 26-27). The absorption of the 750- to 950-nm wavelengths by melanin 

l and oxyhemoglobin is lower than for ion lasers, but substantially higher than 

for the Nd;YAG laser; in particular, a secondary maximum absorption of oxy- 
hemoglobin is present between 800 and 1000 nm. Moreover, the water absorption 
is smaller, thus contributing to an increased penetration depth in nonpigmented 
} tissues. In this spectral interval the optical penetration depth is maximum; this 

is of relevance for transtissue irradiation ot vascularized and/ or melanized struc- 
tures. It should be noted that blood vascular absorption may be increased by 
intravenous injection of suitable dyes. In particular, the indocyanine green dye 
' has an absorption peak matching the diode laser wavelength at 800 nm (Fig. 

26-28). Moreover, the use of these lasers appears to be particularly suitable for 
phototherapy of macular pathologic conditions, since the emission wavelength 
is away from the xanthophyll absorption spectrum. Therefore the already avail- 
< able GaAlAs diode lasers appear to be suitable for chorioretinal photocoagula- 

tions using both noninvasive transpupillarv ( Fig. 26-29) irradiation with standard 
slit lamps (Fig. 26-30) and/or contact transscleral irradiation procedures with a 
suitably shaped fiber end (Fig. 26-31). 



Fig. 26-28. Extinction coefficient absorption tune tor indocyanine green, showing a 
maximum absorption for this substance in ihe region oi the 800-nm wavelength. 


i 

i 

i 

J 



Complications and Future Applications 



Fig, 26-29. Diagrammatic representation of a diode laser beam impinging on the cornea 
and being transmitted through the ocular media to the chorioretinal structures for the 
purpose of photocoagulation. 



Fig. 26-30. A, Prototype with high-power diode laser in its housing (16 x 7 x 8 cm) 
mounted on the microscope of a commerical slit lamp (From Brancato R and others: 
Lasers & Light m Ophthalmology 2.73, 1988 ) 
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Fig. 26-30, coat'd. B, Diode laser photocoagulation. Lesions appear white, disc shaped, 
and are surrounded by a grayish ring about 500 um wide, C, Light microscopy: section 
of acute lesion — area of coagulation necrosis of the pigment epithelium layer. A small 
vacuole lies over the coagulated area. (Methylene blue x 1125.) 



Fig. 26-31. Transscleral diode laser applications in the region ot the ciliary body (left) 
and the retina (right) for the purpose ot cvclocauterv and retinopew, respectively. 
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Anterior Eye Segment Photodisruption 

High-peak powers from mode-locked GaAlAs diode lasers are indicated in 
the preceding material. Future developments of CLEDs with sufficient energy 
j output in the nanosecond and/or picosecond range will open to these lasers the 

\ very fascinating and important area of photodisruptive treatments of transparent 

ocular structures. Q-switching and/or mode locking of diode laser-pumped 
| solid-state lasers could also represent an improvement with respect to the flash 

lamp-pumped Nd:YAG lasers in terms of reduction in size and increase in 
efficiency and reliability. 

Photoablation of the Cornea 

The reported success in obtaining controlled removal of corneal tissues with 
Er: YAG lasers indicates a new potential application for future diode lasers emit- 
ting at ^3 jxm. This radiation is still well transmitted by flexible zirconium 
fluoride glass fibers, and compact and handy systems can be foreseen. Diode 
laser-pumped Er:YAG lasers could also be developed, with an increase in the 
overall efficiency and a reduction in size. 

As foreseen, the capability of diode lasers to produce therapeutically signif- 
icant photocoaguiations has been demonstrated with both CW and pulsed op- 
erations. These results are going to open a fascinating new era for laser appli- 
cations in ophthalmology, offering almost ideal laser systems for a variety of 
treatments of eye pathology. CW diode lasers operating at 780 to 800 nm are to 
date the most suitable diode lasers for chorioretinal photocoaguiations, since 
they emit the highest power (up to 2.6 W from laboratory devices and 1 W from 
most recent commercia ’ systems) at the shortest wavelength. Ultracompact laser 
photocoagulators are now possible, and the potentially low price of these sys- 
tems will also allow economically underdeveloped countries to benefit from 
highly developed medical technologies. 

INVESTIGATIONAL LASER PROCEDURES 

l The use of lasers in the future will be enormously exciting and holds great 

r promise therapeutically. The various areas of therapeutic investigation have been 

} categorized in the following sections, and hopefully will provide the basis for 

l understanding the rationale for the use of a specific laser system to interact with 

; a particular portion of eye tissue in order to correct, remedy, control, or cure a 

certain ocular defect. 

!: 

Laser Refractive Keratoplasty 

\ Laser refractive keratoplasty exemplifies one of the most precise uses of laser 

; energy in the field of medicine. Refractive keratoplasty, of both the incisional 

and sculpting variety, is possible because of the exquisitely precise interaction 
of the ultraviolet and possibly the mid-infrared range lasers with the corneal 
tissue in such a way as to ablate or remove a specific layer of tissue or to incise 
the cornea m a predetermined manner. In the former situation portions of Bow- 
man's membrane and the stroma are removed in a 5- to 6-mm circular area in 
such a way as to produce a new curvature on the cornea that would be identical 
to the anterior surface of a corrective contact lens, in an attempt to produce 
emmetropia (or any retractive measurement) in that particular eye (Fig. 26-32). 
Because the ultraviolet lasers, particularly the excimer family of lasers in the 
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Fig. 26-32. Appearance of the prototype computer-controlled excimer laser to be used 
for various types of corneal surgery, including refractive keratoplas v by anterior corneal 
recontouring. 


region of the argon fluoride 193-nm wavelength, have the ability to remove 
minute amounts of corneal tissue (0.2 to 0.3 |i.m) with no observable thermal 
damage and with a precision that is determined by the energy per pulse and 
the number of pulses applied to a particular portion of the cornea, a precise, 
extremely smooth spherical surface has been produced for the first time in the 
stroma of the human cornea in order to correct hyperopia, myopia, or astigmatic 
refractive errors by our research team. 

This same precise laser-tissue interaction of photoablative decomposition, in 
which intramolecular bonds are broken by the high energy of the impinging 
photons, can also be used advantageously for incising the cornea in a linear, 
circular, or any other configuration that could conceivably lead to a change in 
refractive power ot the cornea ( Fig. 26-33). Incisions as minute as 10 p.m in width 
and extending to a depth of 95% thickness of the cornea ca'n be created. These 
various corneal incisions can be extremely useful for incisional laser refractive 
keratoplasty as well as for fashioning corneal buttons in which the donor and 
recipient eve could have corneal buttons of exactly similar size during corneal 
transplantation. As noted in Chapter 24, an excimer biomicroscopic system has 
been used by Seiler and Wollensak to produce radial incisions in the cornea. 
With this device, delicate and precise radial keratotomv invisions can be pro- 
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Fig. 26-33. Schematic representation of excimer laser radial incisions in the cornea to a 
depth of 80% to 90% of the corneal thickness in such a manner as to simulate the scalpel- 
performed radial keratotomv procedure. 





Fig. 26-34. Transcorneal photophacoablation depicting the use of excimer or other pulsed 
laser radiation, usually 308-nm or longer wavelengths, tor removal of the cataractous 
lens by the process of photoablative decomposition directlv through the cornea using an 
extremely wide cone angle to reduce the corneal energv density of the laser beam. 
Irrigation and aspiration of the decomposed cataractous tissue is accomplished bv a small 
double cannula. 
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duced that are completely reproducible from patient to patient without the 
possible inconsistencies of the surgeon's hands. The entire science of strategically 
, placed geometric curvilinear incisions of the cornea and the possibility of re- 

- contouring, reshaping, or sculpting the anterior surface of the corneal curvature 

1 have opened an enormous range of applications in the field of laser refractive 

’ keratoplasty. 

Laser Phacoablation 


Another procedure under investigation is the sculpting and ablative decom- 
position of the cataractous lens in a way that would be minimally invasive except 
for the removal of debris and other remnants produced by the laser decompo- 
sition of the cataractous tissue. With this technique the cataractous lens is ap- 
proached by one of two methods. First, an extremely large cone of ultraviolet 
energy (308 nm and longer) is focused on the anterior surface of the cataractous 
lens and on other areas deeper to the anterior surface as the procedure progresses 
and the intramolecular bonds of the cataract are broken in a manner similar to 
that observed with the cornea, liberating molecules of the photodecomposed 
cataractous tissue into the anterior chamber (Fig. 26-34). This is removed con- 
stantly by a lavage of balanced salt solution, producing an effective irrigation 
and aspiration system. When the cataract has been totally removed centrally, 
the procedure is terminated except for any additional cortical cleanup that might 
be necessary beneath the ins by regular microirrigation and aspiration tech- 
niques. Therefore the entire procedure is performed with only the irrigation and 
aspiration cannula invading the anterior chamber during the laser phacoablation 
procedure. 

A second method of cataract removal involves the insertion of a fiberoptic 
probe within the anterior chamber to impact on the lens with radiation such as 
that produced by the xenon chloride excimer laser or with longer wavelengths 
that easily are conducted through a fiberoptic cable (Fig. 26-35). Photoablative 



Fig. 26-35. Photophacoablation or lensectomv bv the process of photoablative decom- 
position can be produced by channeling an excimer laser ot 308-nm (xenon chloride) or 
longer wavelengths through a fiberoptic probe into the cortex and nucleus ot the cataract 
to be emulsified or ablated. The products of ablation are removed from the anterior 
chamber and the region isndergoing ablative photodecomposition by gentle irrigation 
and aspiration of the treated region. 
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decomposition of the cataract is then performed by the impact ot the radiation 
emanating from the tip of the fiberoptic probe against the cataract and tissue in 
various areas of the lens. The cortical cleanup is produced bv the ultraviolet 
radiation of the lens cataractous material, and the destroyed cataractous tissue 
s is removed by gentle irrigation and aspiration of the anterior chamber. Both 

; systems of fiberoptic conduction of the ultraviolet wavelengths and the direct 

1 ablation of the cataractous lens through the cornea are under biomicroscopic 

1 control of the surgeon. 

Laser Scalpel 

Certain ultraviolet (some excimer, frequency -quadrupled Nd : YAG, frequency- 
doubled dye laser, etc.) or mid-infrared lasers (holmium, holmium-thallium, 
Er:YAG, hydrogen fluoride, etc.) can be conducted through a fiberoptic cable 
to a scalpel-like focusing handle (Fig. 26-36). Ragged incisions such as those 
made with an argon laser or other thermal laser can be obviated, and incisions 
can be produced in the cornea that appear as precise as those made by diamond 
knives or similar devices ( Fig. 26-37). Both the infrared and the ultraviolet lasers 
are of the pulsed variety with extremely short pulses in the nanosecond or 
picosecond range. The entire technology of the use of these lasers as surgical 
scalpels with different cutting and shaping capabilities will have enormous im- 
pact on ophthalmic and other forms of surgery. 

'i 

Photophacofragmentation 

Photophacofragmentation has been studied in our laboratory during the past 
T 7 years and involves the photofragmentation ^nd photoemulsification of the 

nucleus of the cataract 1 day to 3 weeks before cataract extraction in order to 
permit the removal of the contents between the anterior and posterior capsule 
through a tiny corneoscleral incision. The use of intracapsular hydrogels or small, 
foldable silicone intraocular lenses is entirely possible through extremely small 
incisions with this particular technique. Our apparatus uses a raster, indicated 
: by the overlapping focus of two HeNe laser beams, that is under computer 

control for accurate spacing and complete fragmentation of an encircled area 
: with individual impacts at the level of the nucleus during the photophacofrag- 

mentation procedure. With this technique the area to be impacted on is encircled 
by manipulating the target HeNe beam in a circular fashion around the nuclear 
area of the cataract. The vertical (Y axis) and horizontal (X axis) spacing of the 
impacts to be produced within the circular predetermined zone is established 
on the computer, and the biomicroscopic system is then adjusted vertically along 
^ the Z axis to be focused in a plane through the middle of the nucleus of the 

* cataract of the supine patient. When the photophacofragmentation procedure 

has been performed, irrigation and aspiration of the fragmented cataract are 
carried out through an extremely tiny incision at the limbus and at the anterior 
i capsule of the lens. The use of photophacotragrnentation has made the routi:' 

use of phacoemulsification much easier and has opened an entirely new ap- 
proach to the withdrawal ot cataractous tissue, from the eye (Figs. 26-38 to 
! 26-44). 
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Fig. 26-36. Schematic diagram of a typical laser scalpel through which energy from any 
of the laser sources, typically the longer-wavelength excimer lasers or the more highly 
powered visible or mtd-infrared lasers, would be used and channeled through a fiberoptic 
cable to be focused by interchangeable laser scalpel tips for the purpose of producing 
various types of laser scalpel incisions. 



Fig. 26-37. Some of the possible laser incisions using various types of scalpel tips in 
order to produce a square excision ot tissue or a fine incision, or any geometric variation 
of the incision borders. 



Fig. 26-38. Laser photophacotragmentation uith the pulsed Nd.VAG laser at the level 
of the nucleus of the cataract, producing fragmentation and emulsification of the nuclear 
materia] for easier aspiration from the eye 
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Fi &* 26-39. A raster for automatic pulsing of the laser is used for proper photofragmen- 
tation impacts throughout the nucleus of the lens. The area to be treated by automatic 
photofragmentation is first delineated by a HeNe laser tracer and later fragmented by 
the pulsed \ T d:YAG laser. 


Cataract 



Fig. 26-40. The automatic pulsed Nd.YAG laser raster commences following circular 
delineation of the outer boundaries of the raster zone. The computer has the ability to 
space the Nd:YAG laser impacts at a precise distance from one another (A) and to space 
each of the rows of linear impacts a designated distance from one another (B) in order 
to obtain complete photophacofragmentation of the nucleus of the cataractous lens before 
aspiration. 
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Fig. 26-41. Sagittal section showing diagrammatically the infusion port and aspiration 
cannula that removes the cataractous lenticular matenal after the process of photopha- 
cofragmentation and/or emulsification of the lens by the pulsed Nd.YAG laser impacts. 



Fig. 26-42. Photograph of the vertically mounted photophacofraismentation instrument 
with its delineating raster apparatus. 
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Fig. 26-43. Clinical research prototype of the pulsed NdrYAG laser for photophacofrag- 
mentation as developed by the Coherent Medical Group with infusion and aspiration 
systems to clear the fragmented cataractous material. 



Fig. 26-44. Initial appearance ot the fragmented nucleus of a rabbit's eye showing 
cavitation bubbles in the areas of photophacolracti.ro These bubbles disappear .rapidly 
and allow for infusion and aspiration ot the fragmented nuclear material. 


! 
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Fluorescein-Antibody Laser Asepsis 

Fluorescein-antibody laser asepsis is a procedure in which a known organism 
\ infecting the cornea is allowed to conjugate with topical drops on the cornea 

containing an antibody to that organism, which has been tagged with a mole- 
\ cule of sodium fluorescein. The antibodies with the fluorescein tag attach them- 

selves to the organisms in the corneal ulcer, and when they are irradiated with 
a nonfocused argon laser beam for 2 min, the fluorescein absorbs the argon laser 
} energy, converts it to heat energy, and raises the fluorescein-antibody microor- 

ganism complex to a temperature above its thermal death point (Fig. 26-45). 
This procedure has proved to be useful and effective because of the peak ab- 
sorption of the fluorescein molecule at 486 nm, which is close to one of the 
major wavelengths (488 nm) of the argon laser. Therefore the fluorescein and 
the microorganism-antibody complex can be made to absorb photon energy from 
the argon beam with an elevation in temperature of the individual microorgan- 
ism-antibody complex and irradication of the organisms in the ulceration site 
(Fig. 26-46). This procedure should prove to be promising with all organisms 
affecting the cornea because a large number of fluorescein-tagged antibodies for 
^ these organisms are readily available. 



Destruction Thermal transfer 


Fig, 26-45. Technique of fluorescein-antibody laser asepsis, in which a fluorescein-tagged 
antibody (FA) to a specific corneal ulcer organism is allowed fo conjugate with the or- 
ganism over a short period followed by irradiation with the argon laser for a 2-min interval 
in which the fluorescein absorbs the argon laser energy and increases the temperature 
of the antibody-microorganism complex above the organism's thermal death point, at 
which time destruction of the organism takes place 
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Fig. 26-46. A, Typical corneal ulcer caused by the Pseudomonas organism 1 day following 
inoculation of the rabbit cornea. B, Same eye approximately 8 days following inoculation 
of the cornea with the Pseudomonas organism, indicating penetration of the cornea and 
a marked endophthalmitis and loss of the eye. C, Appearance of a rabbit cornea 24 hours 
following inoculation of the epithelium of the eye with the Pseudomonas organism. Note 
small but prominent ulceration of the epithelium and anterior stroma. D, Same eye as 
in C 48 hours following conjugation of the Pseudomonas organisms with the tagged an- 
tibody-fluorescein complex that absorbed the nonfocused argon beam, thereby raising 
the temperature of the complex above the thermal death point of the organism, with 
complete obliteration of the organisms and healing of the corneal ulceration. 


i . 
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Organic Dye Laser-Chromophore Technique 

With the dye laser-chromophore technique the vascular abnormality to be 
destroyed is treated sufficiently by a photocoagulation laser to injure the vessel 
I , wall slightly. Photocoagulation of the target tissue usually produces a spasm 

! and constriction ot the telangiectatic or neovascular tissue structure, which then 

j reopens in several minutes. An intravenous dye such as indocyanine green, 

i sodium fluorescein, acridine orange, berberine, or hematoporphyrin derivative 

I or similar dye compound is then injected and allowed to stain the area of previous 

photocoagulation and spasm of the wall of the abnormal vessel. When this has 
! occurred, usually several minutes after intravenous injection, the dye laser is 

; tuned to the peak absorption of that particular intravenous dye, now absorbed 

\ in the wall of the target vessel, and the vascular defect is photocoagulated and 

destroyed completely as a result of the interaction of the vessel itself, rather 
„ than components of the vessel, such as hemoglobin or surrounding melanin. 

The use of absorbent dyes as chromophores or absorbefacients in conjunction 
with the tunable dye laser should prove to be valuable in treatment of areas of 
vascular proliferation or disease that are resistant to conventional photocoagu- 
lation therapy (Fig. 26-47). 



Absorbent chromophore-dye laser photocoagulation 



Fig. 26-47. Schematic diagram illustrating the technique ot absorbent chromophore- 
dye laser photocoagulation in which an ocular vessel to be occluded is first treated with 
a laser beam of sufficient power density to cause spasm ot that particular vessel. An 
absorbent dve, such as indocyanine green, sodium fluorescein, rose h'ngal, or Evans' 
blue, is injected intravenously and allowed to pass through the injured Mood vessel and 
to stain the photocoagulated portion. After several minutes, when the dve has stained 
the injured photocoagulated region of the blood vessel, it is treated with a wavelength 
from the dye laser that would be most highly absorbed bv the mjectec dve residing in 
the walls of the vessel, thereby causing the vessel to be obliterated and occluded bv the 
thermal action created within the wall ot the \essel itselt 
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Phototherapy 

Neovascular Stimulation 

During the past several years it has been mv observation that judicious use 
\ of certain types of lasers, particularly those in the red and infrared portions of 

j the spectrum, have had an ill-defined propensity for stimulating the growth of 

1 ' fibroblasts, collagen, endothelial cells, and perhaps other structures. It is well 

known that melanin and some glial structures undergo proliferation with irra- 
5 diation by a bright light source, but it is my belief that weak laser interaction 

with various cells can cause hypertrophy and/or proliferation of those cells. If 
this is so, it would be possible to create new vascular channels or the opening 
of old channels within the retina itself in the deep and superficial vascular plexi 
( Figs. 26-48 and 26-49). In other branches of medicine, the increased blood vessel 
growth in glims, surgical wounds, poorly vascularized ulcerated areas, or mu- 
cous membrane regions should be produced by weak irradiation by a laser 
system, most probably in the red and infrared portions of the electromagnetic 
, spectrum. 


OE 



Fig. 26-48. Indirect ophthalmoscopic deh\orv astern using a monocular indirect oph- 
thalmoscope with an attached beam splitter and lens disc that can direct the laser beam 
to the eye tor the purpose ot phototherapy or photixoagulation An articulated arm or 
a fiberoptic cable can be used to channel the la^er beam to the indirect monocular laser 
ophthalmoscopic system. OE. Observer s eve. \!/( > monocular indirect ophthalmoscope; 
LD , lens disc, B5. beam splitter, A A articulated arm ; laser beam; IB. illumination 
beam; PE, patient's eye; f, tvlter. 
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Laser Aseptic Phototherapy 

Laser aseptic phototherapy is a procedure that I believe has considerable 
merit, because most surgical aseptic procedures preceding an operation consist 
of a chemical and mechanical desquamation ,of the superficial layers of the 
epidermis with chemical obliteration of microorganisms on the remaining surface 
bv agents such as iodine, alcohol, and several other chemicals. None of the 
antiseptic agents is effective deep in the area of hair follicles or crypts that extend 
deep into the dermis and that harbor considerable amounts of bacteria, which 
can be massaged to the surface within minutes after the initial preparation of 
the incision site. Therefore the direct irradiation and penetration deep into the 
dermal layers by incandescent or laser light of a specific wavelength may have 
germicidal action that could be used alone or in conjunction with conventional 
antiseptic techniques. Furthermore the use of an agent such as tetracycline 
compound or a small intravenous injection of hematoporphyrin derivative (HpD) 
several hours before the time of surgery might serve to potentiate the action of 
a particular wavelength, since the chemical substance administered orally or 



Fig. 26-49. Schematic representation ot a laser sworn used tor investigational photo- 
therapy of the retinal vasculature. In this particular uwe laser A and laser B can be identical 
or produce different wavelengths that are used preterentiallv to stimulate the growth or 
reinforcement of the various areas ot retina! \asculature 
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intravenously would be absorbed by the bacteria in the follicles and crypts and 
then irradiated with the laser wavelength known to be most highly absorbed 
by that particular substance, which would then cause the thermal or photo- 
chemical death of the organisms more deeply situated within the skin (Fig. 
26-50). 

The technique of laser aseptic phototherapy could also be applied to mucous 
membranes and other regions of the body such as the gums, where an incan- 
descent or laser light source could be applied to the infected gum region directly 
or after an oral, intravenous, or mouthwash type of prephotosensitization of 
the organisms. Following the sensitization, the gum or mucous membrane region 
thought to be infected could be irradiated for a short period of time with a 
wavelength highly absorbed by the photosensitizing substance and at a power 
density sufficient to cause the death of the microorganisms. 

GLAUCOMA SURGERY 

There are three antigiaucoma surgical interventions under investigation at 
the present time that may be of considerable usefulness in the future. These 
procedures include (1) external sclerotrabeculoplasty or external sclerotrabecu- 
lostomv, (2) internal sclerotrabeculoplasty or internal sclerotrabeculostomy, and 
(3) contact laser cyclocautery. 

External Laser Sclerotrabeculoplasty 

External laser sclerotrabeculoplasty involves the use of a CW Nd: YAG laser 
or other mid-infrared laser (ER:YAG or hydrogen fluoride laser) or conceivably 
the use of an excimer laser with a wavelength of 308 nm or longer channeled 
through a fiberoptic cable into a stainless steel needlelike probe ( Fig. 26-51). The 
needlelike probe is inserted beneath the conjunctiva, which has been elevated 
' either by saline or by the injection of a small amount of air, and the fiberoptic 

; probe is directed to the area of the trabecular meshwork in the iridocorneal 

angle. By the process of photovaporization or photoablation, a small hole in the 
sclera is created and the scleral and trabecular tissue is removed until aqueous 
fluid is seen to emerge from the sclerostomy hole. In this situation usually a 
;; suture is not required in the conjunctiva, and drainage from the anterior chamber 

into the subconjunctiva and sub-Tenon's space is facilitated. The prior creation 
of a laser peripheral iridotomv and/or iridectomy in the region of proposed 
filtration is advised 1 to 3 weeks before the external sclerotrabeculoplasty. In 
addition, constriction of the pupil and sodium hyaluronate injection into the 
anterior chamber may be required in some cases. 
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Fig. 26-50. Diagram of an articulated arm for channeling laser energy, showing the 
entrance block for the laser beam at the lower right and the exit of the laser beam at the 
upper left. The articulated arm can be rotated in any direction because of the free rotation 
at the joints that contain the prisms, P, Prism; L, lens; T, tissue; H, handle; E, entrance 
block. 



Fig. 26-51. Direct external subconjunctival laser sclerotrabeculostomv by means of a CW 
laser channeled through a fiberoptic cable to a portion of the iridocorneal angle to produce 
a filtering cicatrix for the relief of open-angle glaucoma. 
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Internal Laser Sclerotrabeculoplasty 

■ A procedure similar to that of external laser sclerotrabeculoplasty is followed 

with the addition that the needlelike probe is brought across the anterior chamber 
from the point of entrance into the anterior chamber to the exact opposite iri- 
| docorneal angle and the trabecular meshwork is subjected to laser irradiation 

l from one of the previously mentioned sources until a fistula is created by the 

process of photovaporization or photoablation (Fig. 26-52). Photocoagulation 
1 has not been entirely successful because of the denatured tissue that forms in 

the area of the laser irradiation. This tissue may or may not form a filtering 
cicatrix, and the results of the procedure are inconsistent After a patent fistula 
has been created by one of the laser sources mentioned, the aqueous fluid will 
flow from the anterior chamber to the subconjunctival space with the creation 
1 of a large filtering bleb. Both the external and internal laser sclerotrabeculo- 

plasties require a previous laser iridectomy or iridotomv in the area of the pro- 
posed filtration in order to minimize the possibility of iris incarceration in the 
filtering wound. 

Contact Laser Cyclocautery 

; Contact laser cyclocauterv involves the use of a CW or quasi-CW laser source 

in the near-infrared or mid-infrared portion of the visible spectrum in order to 
cauterize and coagulate the pars ciliaris of the ciliary body in such a way as to 
decrease the production of aqueous fluid (Fig. 26-53). With this particular pro- 
cedure the laser is channeled through a probe to a sapphire or other semiprecious 
or precious gemlike tip, which then concentrates the laser beam for transmission 
through the conjunctiva. Tenon's fascia, and sclera to be absorped or for ab- 
; sorption by the pigmented portions of the ciliary body. The contact sapphire or 

ruby tip is hard, scratch resistant, and durable, and easily transmits infrared 
energy without heating or external dispersion. The sapphire tips are artificially 
grown, and the blank gems are contoured in various ways to manipulate the 
laser beam for the most precise interaction with the ciliary body or other ocular 
structure. Placing the contact sapphire tip against the conjunctiva at the time of 
laser irradiation enables the laser beam to be propagated through the conjunctiva 
without reflection and without the dramatic losses produced by a noncontact 
' process. This method, like the previous two antiglaucoma procedures, is under 

considerable investigation and should prove to be valuable in specific cases. 
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Fig. 26-52. Indirect internal subconjunctival laser sclerotrabeculostomv by insertion of 
a fiberoptic probe across the anterior chamber to the opposite iridocorneal angle, resulting 
in channeling of the CW laser beam to the trabecular meshwork and scleral area in order 
to produce an opening and a filtering cicatnx beneath the conjunctiva on the opposite 
side of the entrance of the fiberoptic probe. 



Fig. 26-53. Contact laser cvciocauterv bv means of transconjunctival and transsclerai 
irradiation of the ciliarv body to produce coagulation in order to reduce the formation 
of aqueous fluid. 
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